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Absiract

Boresight Error (BSE), defined as the angular deviation between the true position
and the apparent position of a target as indicated by a radar, is a very important
figure of ment for a tracking radar. Ideally, zerc BSE 1s desired but seldom achieved.
Hence, a capability to accurately predict BSE in the design phase of a new radar
systern or to impact modificauon: cf an existing system becomes imperatve. Prior
work on the sublect matter 1s somewhat sketchy and himited in scope. Therefore, this
dissertation undertakes a ithorough and coinprehensive investigation of BSE using a
systems concept so that the final product 15 applicable to a variety of situations. A
raonopulse tracker was chosen for this study because 1t possesses superior angle
tracking capabihity and 1t 1s used in a majonity of modern radar systems.

Although theie are many factors intrinsic and extrinsic i¢ a radar system that give
nse to BSE, the most significant contributor 1s the protective radome. An incoming
plane wave suffers depolarization and phase front distortion as 1t travels through the
radome. The net result of these undesirable changes is BSE, resulting in tracking

rrot and mmaccurate iarget location estimates. Surface integranon and Geometric

Opucs (GO) arc two methods commonly used to investigate the effects of a radome

on BSE. Building on the "consensus” that the ray-trace receive GO propagation
techmque offers the "best" compromise between accuracy and computational
intensity, this research effort employed a GO techmique which greatly expanded

previous ray-trace recatve techmques to inciude: 1) a uniquely Jefined/developed

vik




mathematical description for each surface within arbitrary multi-layer tapered
radomes, surface descriptions are generated using a tangent ogive reference surface,
2) an "ideal" taper function concept for obtaining optimum BSE prediction
performance, 3) a generalized technique for caiculating specular reflection points
within the radome, and 4) the total refractive cffec’s along ray propagation paths.
Fortran computer model results were compared with limiting case data (BSE = 0°),
pubhished exper:mentai data, and production system acceptance test date. Limiting
case validation was accomphshed using 1) single and multi-layer tapered "ar"
radomes by setting the relative permittvity and permeability of eack: layer equal to
one, 2) hemispheric radomes with the aperiure gimbal point located at the sphere
certer, and 3) radome boresight axis scanning {through the tip). For these cases,
“system” modehng error was less than .06 mRad for all scan angles and polarizations
of interest. "Excellent” (BSE within +1 mRad) results were obtained using a
hemispheric half-wave wall radome witn a displaced aperture gimbal point; predicted
BSE values were within =1 mRad of published surface integration and measured

expenmental data. Likewise, modeled BSE predictions for the production system

were within 0.5 mRad of measured data over a 30° scan range. Validated model

results were then used to deterinine overall ray refractive effects on BSE prediction
aad found to provide orly marginal bercfit at the e<pense of computational
efficiency. In conclusion, all the mnitial goals and 2ims of this research were not only

met but exceeded in this dissertation.




RADOME DEPOLARIZATION EFFECTS ON
MONOPULSE RECEIVER TRACKING PERFORMANCE

1. Introduction

The atility to accurately locate and track hostile targets either actively or
passively is a key feature 1n the survival and mission effectivepcss of a vast majcrity
of airborne military platforms. Monopulse processing techniques are particularly well
sutted for angle tracking Extensive research and development efforts over the past
several decades has led to the proliferation of monopulse radar tracking systems on
both fixed and airborue platforms {1]. Requirements and techniques for integration
of a complete monopulse radar system, 1.e., aperture, receiver, and processor, onto

an airborne platform is not unlke conventional radar systems except for space

himatations. Environmental protection of the radar system 1s essential and is typically

m the form of a protective cover called a radome. The radome is generally
composed of law-loss dielectric matenals and streamlined so as not to interfere with
the aercdynamic perfcrmance. Although designed to be “trausparent” to the
operating range of frequencies. an miwwming plane wave while passing through the
radome 1s subject to amplitude attenuation, phase fron. distortion, depolarization, etc.
Hence, the monopulse radar system generally processes a distorted
electromagnzuc (EM) wavefront, which results in tracking errors and degraded

performance.




1.1 Motivation

This dissertation provides a detailed analysis of such degrading effects on the
accuracy and tracking performance of a monopulse radar system. This research
effort is also aimed at predicting monopulse tracking performance degradations in the
event a particular "system"” component has to be modified to meet changing
requirements. In this context the term "system” applies to an integrated system
consising of radome, aperture, and monopulse receiver/processor components.
Although numercus analyses have been performed on individua! system components
in the past, modeling capabiiites and analysis of the overall system is limited and are
tvpically component specific and seldom flexible enough to accommodate any future
modifications.  This research effort combines previously developed modeling

techniques and analysis procedures to medel and analyze the estire "front-to-back”

performance of the integrated "system", r.e., incident EM field to boresight tracking

error curve. For given changes to key component parameters the synergistic effect
of the overall system can be predicted. Results will provide a robust analysis
procedure and valuable modeling tool by which system modification effects can be

predicted and analyzed.

1.2 Problem Statement

The problem addressed under the research effort involves accurate
charactenzation of radome depolarization and phase front distortion effects on
monopuise receiver tracking performance. Degraded tracking performance is best

characterized through analysis of system boresight error (BSE) under varying




conditions presented by "system” components. Angular "system” BSE is defined as
the difference between the angle indicated by the monopulse tracking system (angle
for which the monopulse system generates NO tracking/pointing correction signal)
and the true target/sovrce location. Source/target location data is typically provided
to aircraft/missile guidance and control systems for use in establishing platform
responses. Any "system" BSE results in an inappropriate platform response, i.e.,
mcorract guidance/rontrol decision, potentially limiting mission effectiveness or
czusing total system faillure. "System" BSE must be accurately predicted and
mimmized to ensure cost effective and reliable systems are developed. Previous
research efforts have successfully used BSE prediction as a metric for
establisnirg/validating monopulse tracking performance {2, 3, 4. 5, 6].  Fredicted
BSE estimates within = 1 mRAD of measured vawes are generally regarded as
"excellent” [5] and are typically obtained by propagation models using computationally
intense surface integration techmques [2, 4], Ray-tracing propagation techniques
were considered as a means 0 reduce conputational intensity. Comparative studies
of available propagation techniques, 1., ray-trace receive, ray-trace transmit, plane-
wave spectrum, and surface integration, established a "consensus” that the ray-trace
recewve (also called fast receving and backward ray-trace) propagation techmque
offers the best cumpromise between accuracy and computational ntensity for
modaerate to large-sized radar/radome systems {3, 5, 6). Efforts using the ray-trace
receve propagation techmique have successfully characterszed BSE "response” to
varying "system" parameters, .e., radome layer thickness and electnical properties,

E-Field frequency and polanzatior, operating tempzrature, aperture illumination,




etc. [4, 6]. However, these efforts experience limited success in predicting actual BSE

values which compare favorably with measured data.

1.3 Approach

The ray-trace receive propagation technique is used for anclysis and modeling to
achieve the goal of comput 1l efficiency. A survey of previous research efforts
which used this propagation techmique revealedfidentified several areas requiring
"improvement" for obtaining accurate analysis and modeiing results. The effects of
ray refraction {deflection/spreading) upon propagating through the radome were not
accounted for in previous efforts. Therefore, refractive effects on BSE prediction had
not been established and needed to be accurately accounted for in the current
analysis and modeling development [3, 6].

The "simple" radome structure models of previous efforts generally provide
limited modehng capability, accurately modeling single layer constant thickness

radomes but providing mimimal flexibility for multi-layer tapered radome designs

These "simple” modeling techniques are unacceptable for BSE refractive effect

charactenzation, requiring improvement for detailed analysis and modeling purposes.
To accurately account for refractive effects in arbitrarily shaped single and multi-layer
radome designs (consisting of both constant and tapered dielectric layers), closed-
form radome surface equations are used in conjunction with Snell’s Law of Refraction
to establish ray propagauon paths through the radome. Multi-layer radome surface
equations are developed using a tangent ogive reference surface, aliowing virtually

all circularly symmetric radome shapes to be accurately analyzed and modeled.




Reflected E-Frelds within the radome can account for a significant portian of the
ervor between predicted and measured BSE values [5. 6]. Inaident E-Freld reflection
points are typically calculated via some form of "hit-or-miss" technique. Given an
established reference plane which is perpendicular to the direction of propagation,
rays are traced from uniformly spaced grid points (typically spaced at one-quarter or
one-half wavclength intervals) through the radome to mner : urface reflection points.
Rays are reflected and checked to see "if” they intersect the aperture plane [4]. Rays
whrich intersect the aperture are included in refiected E-Field calculations at the
nearest aperture sample pomnt/element location, non-intersecting rays are excluded.
The current analysis and modeling technique improves on this "hit-cr-miss” technique
by calculating ray reflection points. Fermat’s principle and variational calculus
techniques are apphed to mulu-layer surface equations resulting in a system of

equations which provide reflection point solutions.

1.4 Researcii Comsributions

The following list is a summary of rescarch contributions achieved in addressing
the problem of accurately predicting "system” BSE. The contributions are a result
of applying the approach stated 1n Section 1.4 and provide "improved" BSE prediction
capability. Research contributions include:

(1) A uniquely defined analysis and modeling procedure for “systems” including
a muiti-layer tapered radome, prowiding closed-form equations for each radome

surface relative to a tangent ogive reference sutface.




(2) Established "Ideal" taper function cniteria for vse with (1), resulting in a

procedure which produces a "near” optimuin taper function for BSE prediction.

(3) A generalized analysis procedure and solution technique for calculating

radome reflection points on an arbitrarily shaped reflecting surface. The generalized
solution is reduced to a system of two non-linear transcendental equations with two
unknowns for the case of a tangent ogive reflecting surface.

(4) Propagated E-Field expressions and analysis results using Geometric Optics
and surface equations of (1) accounting for total refractive effects along ray
propagation paths.

(5) A validated "system" model based on (1) thru {4} which predicts BSE
performance using "front-to-back” propagation charactenstics. Validation is based
on empircal, pubhshed expenmental, and production "system" acceptance test data.

(6) Refractive effect characterization in principle and diagonal scan planes using

the validated model of (5).




II. Background

41 Intrvduction

This chapter outlines and highlights background information existing on the
overall analysis and modeling effort for radomes, antennas, and moncpulse
techniques. Each section presents an overview of the key component parameters
relevant to this research. Additionaliy, applicable assumptions are identified and

justified.

2.2 Radomes

A radome is a protective covering which is generally composed of low-loss
dielectnics and designed to be transparent to Electromagnetic (EM) waves of interest.
The actual shape of the radome is application specific and despite best efforts to the
contrary, affects both the acrodynamics of the aircraft and electrical performance of

the radar. Generally, highly streamlined shapes have less drag and can better

withstand precipitation damage; however, electnical performance usually

deteriorates {7}. Generally, the more streamlined a radome shape becomes the
greater the incidence angle a propagating EM wave experiences. Higher EM wave
incidence angles typically increase reflections on the radome’s surface, resulting in less
energy being transmutted through the radome vall.  Additionally, wavefront
“depolarization” occurs as the EM energy propagates through the radome wall.
Depolarization occurs when an EM wave propagates through boundaries
exhib:ting discontinuous electrical and magnetic properties namely, permittivity €,

permeabiiity 5, and conductvity 0. The =ffects of the discontinuties on the




propagating wave can be expressed in terms of a transmission coefficient T and a
reflection coefficient I, both of which are generally complex quantities. For umform
plane wave iliumination {a wave possessing both equiphase and equiamplitude planar
surfaces), at an oblique incidence angle on the interface of layered media, both T and
T' are functions of = 1) the constitutive parameters on ether side of a boundary,

2) the direction of wave travel (incidence angle), and 3) the orientation of the electric
and magretic field components (wave polarization) {8, 9}.

Standard techniques for analyzing plane wave propagation across electricaily
discontinuous boundaries generally begin by establishing a plane of incidence. The
plane of incidence 1s commonly defined as the plane containing both a unit vector
normal to the reflecting interface (boundary) and a vector in the direction of
incidence {prepagation). To analyze the reflection and transmission properties of a
boundaiy for waves incident at oblique angles with arbitrary polarization, for
convenience, the electric or magnetic fields are decompcsed into components parallel
and perpendicular to the plane of incidence . When the electnc field is parallel to
the plare of incidence 1t 1s commonly referred to as the Transverse Magnetic (TM)
case. Likewise, when the electric field 1s perpendicular to the plane of incidence it
is ceinmonly referred to as the Transverse Electric (TE) casz [8].

An EM wave is propagated across the boundary by applying the appropriate

parallel or perpendicular transmission/reflection coefficient, ve., Ty, T, I‘E, oal,

to the corresponding component of the electric or magnetic fieid. Eas (1) thru (3)

ilustrate this process where the superscript i represents the incident field components,




the superscript 7 represents the reflected field components, and the superscript ¢
represents transmitted field components. From Eq (2) it is apparent why an EM
wave often experiences depolarization upon propagating through a homogeneous
radome layer. Conditions which cause the parallel and perpendicular transmission
coefficients to differ, either in amphtude or phase, can result in the total transmitted

field exhibiting a polanzation which differs from the incident field.

Eru=E + Ey

Figures 1 and 2 illustrate typical variations which occur in perpendicular and
parallel transnussion/reflection coetficients. Comparison of these figures shows how
the magnitude of the coefficients varies as a function of constitutive parameters and
mcidence angle. Incidence angles which reduce the reflection coefficient to zero are
referred to as Brewster angles [8). The depolarization effect resulting from the
parallel and perpendicular transmission coefficients having unequal magnitudes is
graphically illustrated in Figure 3. Clearly, a wave "depolarization” between the

ncident and transmitted electric field has occurred.
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Figure 1. TE Transmission and Reflection Coefficients
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Figure 2. TM Transmission and Reflection Coefficients




Figure 3. Graphical Representation of Radome Depolarization Etfects

Magnitude and phase differences between parallel and perpendicular reflection
coefficients will result in depolarization upon reflection. Any depolarization occurning
along a direct or reflected propagation path generally introduces a polarization
musmatch between the incident EM field and radar aperture, which reduces aperture
efficiency and degrades the overall performance. Since the degree of radome
depolarization depends upon the incidence angle and polarization of the incident
wave, and the electrical properties of the radome itself, radome transmussion and
reflection coefficients emerged as important parameters for analysis and modeling
puiposes in the present research effon.

Previous efforts have effectively utilized reflection and transmission coefficients
to characterize overall radome electrical performance [2. 4]. Equations have

emerged and elaborate code has evolved for caiculating transmission and reflection

coefficients. This research effort capitalized on past efforts by using equations




derived by Richinond for calculating the coefficients [10]. Modifications were made
to the Richmonrd derivation to make the caiculated cutput coefficients equivalent to
the more elaborate Periodic Moment Method (PMM) code developed by the Ohio
State University (OSU). The PMM code is capable of analyzing periodic structures
imbedded in an arbitrary number of diclectric slabs of finite thickness [11].
Although compatibility with the more sophisticated code was rot necessarily a firm
requirement, 1. was adcressed to 1) assure flexibility and wider use of the analysis and
modeing technique, and 2) provide an alternate source for comparison and validation
of particular components of the model. In both cases, Richmond’s development and
the GSU PMM coce were developer for planar dielectric slabs of finite thickuess and
infinite extent in both height and width. Their use in approximating T and I' for
"locally planar” analysis and modeling cases has been very effective and widely
accepted among the technicai community. Generally, “locally planar” conditions exist
at any given point on a specified surface where the radn of curvature of the surface
at that point are large compared to a wavelength. As explained and justified in detail
later, this research effort concentrated on sysiem component designs and test conditions
by which locally planar approximations could be enforced.

The primary reference surface considered in the research effort was the tangent ogive
for several reasons. First, many pracucal radomes possess at ieast one surface
(boundary between two adjacent layers) which 1s either truly a tangent ogive surface
or scme shght vaniation thereof. Second, a tangent ogive surface can be expressed
by a closed-form analytic expression making 1t a useful reference surface for

generating closed-form expressions for non-ogive surfaces. Third, the tangent ogive

12

=




radome shape has been anelyzed extensively. As such, a wealth of empirical and
measured data exists for colapanson and validation purposes. Lastly, a majority of
practica: tangent ogive 1adomes have physical dimensions that are large compared
to their design wavelength. Therefore, the radius of curvature at any point on the
radome’s surface through which the radar 2perture must "iook" is large in compariscn
to one wavelength. Taus condition niakes locally planar tcchniques valid for analyzing
overall system performance and at the same time satisfies the locally planar
requirement for calculating transmussicn and reflection coefficients.

There are two widely used metheds for analyzirg radoine transmission end
reflection properties. The surfave integration method calculates the field distiibutior:
due to the antenna on the inner radome surface at a number of ciscrete points and
the far-field response os an integration over the outer surface of the radome,
accounting for the transmussivity effects [12]. This method i the most accurate but
is also much more tme consu.aing to mmplement {computationaily intense). The
second method 1s ray fracing (geometrical optics) where transmitted rays are assumed
to pass directly through the radome wall and reflected rays are assumed to originate
at the point of incidence. The tiansrmtted electric field at a given point 1s found by
considering an incident ray which would pass through .he point with the slab removed
and then weighting the field of this ray with the appropriate nsertion transmission
coefficient [4]. Although the ray tracing method does nct accurately predict sidelobe

performance outside those nearest to the main beam, 1t accurately charactenzes the

properties of the main beam itself.




Figure 4 illustrates an application of the ray fracing method to an arbitranly
shaped radome enclosing a phased array antenna. Given a specific reference plane
location, a ray normal to the reference plane is traced through the radome to a
specified element location on the aperturz. At the ray intersection pomnt on the outer
surface of the radome, a surface normal vector is calculated and the ray’s angle of
incidence determined. Invoking the locally planar approximations, transmission and
reflections coefficients are calculated and used to weight appropriate field

components of the incident EM wave.

MAIN BEAM RAYS

/ (TRANSMITTED)

\ .
\\ N et

¥

IMAGE LOBE RAYS
(REFLECTED)

Figure 4. Ray Tracing: Main Beam and Image Lobe Rays

The main beam (direct) rays are determined directly by weighting the appropriate

paraliel and perpendicular field comporents of the mcident wave. The image lobe




(reflected) rays identified in Figure 4 are quite different, A typicel radome creaies
an image lobe(s) anytime significant reflections ex’st within the radome. As seen in
the figure, an image lobe ray actually experiences the effects of both reflection and
transmission as it propagates. For ray fracing analysis image lobe rays must be

weighted by both a transmission and reflection coefficient.

2.3 Antennas

Many characteristics/parameters are used to describe the performance of an
antenna, including: radiation pattern (field or power pattern), input impedance,
polarization, gain, directivity, half-power beamwidth (HPBW), first-null beamwidth,
side lobe Jevel (SLL), etc. Alihough ail these characternstics are considered important
for various analysis purposes, not all were considered to be key to the success of this
rescarch effort. Two of these characteristics were considered of primary importance in
the overall system analysis for this research effort, namely, the radiation pattermn and the

polarization.

The rachation pattern of an antenna 1s a graphical representatica of its radiation

properties as a funcuon of spacial coordinates. A radiation pattern typicaily displays
the vanation in the “field strength” (field pattern) or the "poveer density” (power
pattern) as a functior of angle. Henceforth, any reference in this dissertation to

antenna radiation pattern, o1 simply antenna pattern, 1s impliritly referring to the
antenna "field pattern” and will be designaied as {(9,$). The two variables 8 and ¢
allow for the field pattern 1o vary in two dimensions and f(8,9) is considered to be

the field patiern as cbserved 1 the antenna’s {ar-field.

16




The primary antenna type considered was a planar phased array with corporate feed.
A corporate feed structure is an equal path-length branching network. The electrical
path length fror the central terminal to all phase shifters is the same and the feed
provides a broadside wavefront for the phase shifters to operate on {14]. Thss choice
was believed reasonable considering that a vast majority of modern airborne
platforms utilize this specific technology to meet their aperture needs. Additionally,
a relatively "simple” method exists for obaining monopulse operation from a phased
array antepna. Details of this method and the radiaticn patierns required for
accurate monopulse performance are provided n Section 2.3, Monopulse Processing.

A phased array aperture is an antenna whose man beam maximum direction or
pattern shape is pnmanily cont-ciled by the relative phase of the element excitation
currents on the array [13]. The spacial orientation of the basic radiating elements
which form the array structure is somewhat arbitrary, depending on the desired
overall array performance. However, the basic planar phased array antenna typically
consists of equally spaced elements on a rectangular grid. As with linear arrays,
grating lobes are one of the major concerns during array design. Grating lobe, are
addtional maxisna which appear n the field pattern w:th intensities nearly equal to
the intensity of the main beam. The effects of radiative grating lobes are
mininuzed/eliminated by cnsunng the distance between any two adjacent elements
within the array is Isss than one wavelength (1), Generally, the spacing between any
two adjacent array elements 5 mamntained at one-haif a wavelength {272).

In analyzing the field pattern of array antennas the prnciple of "pattern

multipheation” s oiten used. As shown in Eq (4), pettetn multiplication allows the
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array field pattern £(8,¢) 1o be factored into the product of the element pattern,
f{(6,), and the array factor, AF(8,). The element pattern, £(8,d), is the field
pattern of a typical element within the array. The complex C, term m Eq 4)
represents mutual coupling effects for the nth array element. Although the value
of C, is dependent on element location, mutuat coupling effects are generally
assumed to be wdentical for all elements within the array. This 15 particularly true for

densely populated arrays which use amplitude tapers for pattern control.

N
f8.%) = £,0,0)AF(8.,) =£,8,0) ) C,L exp(jBF=F,’) O

nsl

I=a¢d" &)

The array factor AF(8,4) is the field patiern of the array when the elements are
replaced by point sources (isotropic radiators) excited by the same current amplitudes
and phases as the original elements [13). The vector T is a position vector from the
coordinate angin to the element position and T is a uit spherical radius vector for
the same coordinate system. The I, term in Eq {4) represents the complex excitation
current of the #* array element and may be expressed as given in Eq (5), where A
and ¢, are real quantities representing the amphtude and phase of the excitation
current, respectively. Assuming the array of elements and feed network form a

passive reciprocal structure, the phased array will exhibit idenucal field patterns for




both transmission and reception [14]. This assumption may not be valid if the feed

network contaius any non-linear or directive components such as ferrite phase shifters
or amplifiers. For the research effort a passive reciprocal array structure was assumed
allowing for reciprocuy 10 be invoked whenever necessary.

The polanzation of the antenna array 1s the second characteristic of importance
to the research effort. Mutual coupling between array elements, seen earlier 10 cause
the element field patterns to vary from element to element, can cause a
depolarization effect, i.e., the phased array may exhibit a polarizaticn unlike the
polarization of the indwvidual elements [13]. For maximum coupling of energy
between an EM wave and an antenna to occur the polarization of the wave and the
antenna must be matched.

In practice a true polanization match between an incident EM wave and receiving
antenna is seldom achieved. Design and manufactuning limitations both contribute
to degraded antenna performance, resulting . the antenna’s polarization state being
less than "pure”. Also, the medium through which the EM wave must propagate to
reach the antenna aperture will Jikely degrade the punty of the incident wave’s
polarization. This latter case was discussed 1n detail in Section 2.1, Radomes, where
significant polanzation vanations were seen to occur as a result of radome design and
maternials. The electric field transmitted by the radome was seen to vary significantly
as the angle of incidence of the mcident electric field was varied.

To account for the effects of polarzaton mismatch between antennas and
incident waves, the concept of a Polarization Loss Factor (PLF) 1s introduced. The

term loss 1s used since a polanzation mismatch results i a condition where the
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amount of power extracted from anp incoming wave by an antenna will not be
maximum [13]. The PLF between an antenna and incident electric field may be
defined as given by Eq (6) where p,,1s a complex unut vector defining the polarization
of the incident wave, p, is a complex unit vector defining the polanization of the

antenna, and Z is the angle between the two unit vectors [15}.

PLF = |p,, * p,I* = |cosy,

The PLF can vary between zero and one with a PLF = 1 representing an
ideally polarized (perfect match) condition and a PLF = 0 representing an
orthogonal (total mismatch) condition. These two extreme cases are referred to as
"co-polarized” (PLF = 1) and "cross-polanized" (PLF = 0) conditions [13]. Neither
of these two extremes are hkely to occur in practice. However, the terms co-
polanzed and cross-polanized are generally used (o describe an antenna’s response,
as done throughout this dissertation. A polarization reference direction is established
to coincide with the polarization direction of the aperture elements. Fields are then
resolved into components which are perpendicular (cross-polanized) and parallel (co-
polarized) to this re{erence direction.

This convention was used in Section 2.1 where the reference polarization direction
was established as the antenna’s polarization direction. An electric field radiated by
the antenna was then propagated through the radome resulting 1n a transmitted
electric field polanization vector wiuch had "rotated”. Applying reciprocity, the overall

antenna/radome system would now respond to EM waves with polarization states
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different {rom the aperture. The depolarization effect of the radome alters the
respouse of the original system, a system designed by assuming ideal transmission and

reflection properties for the radome.

2.4 Monopulse Processing

To actually define/describe what constitutes a monopulse receiver/processor
system is difficult and vartes from author to author. However, the concept that
“monopulse” implies determuning the relauve bearing of a4 radiation source by
analyzing the received characteristics of a "single pulse” of energy from that source
is consistently seen throughout hterature. This "single pulse" tracking/locating is
typically accomplished by one of three basic monopulse techniques. These three
techniques are characterized by the manner in which angle information is extracted
from the received signal and mclude amphtude-comparison, phase-comparison, and
amplitude-phase-comparison (a combination of the two previous techniques) {16}.
System processing requirements for unplementing each technique can vary
significantly as will be seen throughout the course of tlas discussion.

Amphtude Comparison Monopulse (ACMP) processing is perhaps the simplest
form of “single pulse" processing. A basic ACMP system typically consists of an
antenna system, receiver/processor, and a display. and is generally used as a basehne
reterence for anpalysis and discusston purposes In the baseline system, the antenna
system employed typically consists of a pair of radiating elements having 1dentical

field patterns, say £(8). These radiating elements are physically located 1n such a

manner that their field pattern maximums occur at angles of + 8, with respect to the




antenna systern’s boresight axis (8 = 0), 6., 1s referred to as the "squint” angle. This
same field pattern relation may also be achieved by a phased array antenna via
electronic beam steering techniques. Henceforth, these two field patterns will be
referred to as £,(8) for the © - 8,, pattern and £,(6) for the 8 + 6,, pattern. The
voltages corresponding to each antenna output will be referred to as v, and v, for the

£,(8) and £,(6) field patterns, respectively. These voltages may be expressed as:

v =4, ePf(8-0,) =4,"0) O

v, = 4,e"M 18+ 8) = 4,6 £,(6) ®

where A,, 8,, and A4,, 8,, are proportional to the amplitude and phases associated
with an smpinging EM wavefront on antenna #1 and antenna #2, respectively. These
cquations indicate that the antenna voltages developed are in general complex
quantities. At this point no consideration has been given to the EM wave
polanzation match/mismatch conditions. Rather, it has been assumed here that the
palanization of the impinging wave identically matches the polarization of the
antennas being used, a condition not existent in a practical situation. This matched
polarization assumption s carnied throughout the remainder of the monopulse
discussion. Polanzation effects identified earlier in Section 2.2 as both cross-polanized
and co-polarized antenna field pattern effects will be incorporated into the equations
later since the study and analysis of these effects was the primary concern of the

research effort.




A basic ACMP system typically accomplishes angle tracking by forming a ratio
consisting of the "difference” (del or A) between the antenna voltages to the
"sum” (£) of the antenna voltages. Since phased array antenna systems can
independently form any desired sct of radiation patterns, within practical limits, the
"sum" and "difference” patterns are usually formed directly rather than by addition
and subtraction of outputs of the individual field patterns f,(8) and £,(6) [1]. Assuch,
outputs of the individual beams may rot be available for analysis anywhere 1n the

system. The ACMP ratio formed 1s as expressed in Eq (9).

Antenna voliages v, and v, are generally complex quantities resulting m the
monopulse processing ratio of Eq (9) also being complex. However, a couple of
simphfying assumptions are often made for analyzing the basic ACMP system. These
assumptions include the antennas having coliocated phase centers and the source of
radiation being located 1 the far-field (plane wave incidence) These assumpuons

result in a condition where 8, equals 8, causing the monopuise processing ratio to be

purely real (1n this case the relative phase difference between the sum and difference

1s zero degrees).
Because of its role in indicating error, 1.e., a scurce located left/right of boresight

results 1n a ratio with relationships indicating both magnitude (how far off boresight)
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and phase (which direction off poresight), the ratio signal is often referred to as the
"error signai”, as will be done throughout the remainder of the dissertation. A steep
slope on the error signal curve represents a high degree of sensitivity to changes in
source location whereas a shallow slope represents a low degree of sensitivity. The
error signal generated by the ACMP receiver/processor is generally used for either
indicating the location of a radiating source via some form of visual display or to
correct the pointing direction of the boresight axis. The aciual use of the error signal
was not the focus of the research effort; ihe error signal itself is analyzed under varying
conditions presented by the antenna and radome components.

Phase Comparison Monopulse (PCMP) is similar to ACMP 1n that both require
the same basic components (antenna system, receiver/processor, display). However,

the design and functions of these components, especially the antenna and

recewer/processor, may vary significantly. The basic PCMP system utilizes a pair of

anterna elements with identical field patterns f{(8), similar to the ACMP system. A
major difference in the two monopulse systems is that the antenna elements in the
PCMP system are not squinted but physically displaced by distance d. Thus
separation effectively separates the antenna phase centers. The antenna phase center
1s a point, located on the antenna or in space, whereby fields radiated by the antenna
and reterenced to this point are spherical waves with ideal spherical wavefronts or
equiphase surfaces [15). Under far-field conditions parallel ray approximations are
used to estimate antenna output voltages. The expressions given by Eqs (10)
and {11) represent typical source to observer approxirnations where R is the distance

from the antenna coordinate axis and r,/r, are the distances from the antenna
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element: *o the source. These approximations for the amplitude and phase remain

valid provided the condition that d << R s maintained.

AMP: r =R=r,

PHASE: r, ~R + (g)sine ; r,=R- (g)sinﬁ

Given these approximations and considering only single source illumination, the
voltages present at each of the antennas’ terminals may be expressed as given by
Eq (12) and (13) where A and g represent the amplitude and phase of the source,
respectively. The approximate forms of v, and v, in Eqs (i2) and (13) clearly show
that while the magnitudes of v, and v, vary with source location, they are equivalent
for all values of 6. Therefore, no angle discriminating information 1s contained in the
voltage magnitudes. However, the equations do indicate a difference between the
phase terms in the approximate voltage forms of v, and v,. Each phase term 15 seen
to vary with the antenna separation distance d, the wave number K = 2x/A, and the
source location 8. Because angle discriminating information is contained only in the
phase difference between the two antenna voltages, the term phase-comparison is
applied. Using Eqs (12) and (13) the phase difference A¢ between voltages v; and

v, may be expressed as given by Eq (14).

AetELB
v, :fx(el)_e_r__

= f(8) A e Kamsa0 -} €20
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v, =£(8) Ae” 2 7 = f(0) A ¢ 1K@ mb - 8) (13)
r, R
Ad = &, - b, = Kdsing = 3’;—"sin0 (14)

The A¢ expression of Eq (14) characteristically represents an interferometric
variation of Ao as 8 is varied and exhibu “avorabie characteristics for processing
source tracking/locating data, specifically, a linear response with a positive slope
passing through zero at 8 = 0° the source location. This condition is consistent
with results shown previously for the ACMP processing system with one major
exception. The PCMP system exhibits several positive slope lines passing through
zero in the presence of single source illumination (usually referred to as ambiguities).
Since the location of these ambiguities is dependent on the antenna separation
distance d and wavelength A of the arnving signal, care must be taken m the PCMP
processing to ensure erroneous angle data 1s not used Similar processing techniques
are often used for both the ACMP and PCMP type systems. In reality even practical
ACMP systems exhibit these interferometric effects. It 1s practically impossible to
perfectly align/generate squinted beam patterns with comcident phase centers, a fact
neglected n the previous discussion of the ACMP system.

As mentioned in Section 2.2, Antennas, the primary antenna configuration

considered for analysis and modeling throughout the research 1s the phased array
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aperture with a corporate feed. This choice was deemed reasonable considering that
a vast majority of modern airborne platforms use phased array technology to meet

their aperture requirements. The research effort concentrated on a "simple" method

for obtaining monopulse operation. Figure 5 depicts how an array antenna can be

divided into symmetrical quadrants/sections. The outputs of all elements within each
quadrant/section are summed to produce sum signals’beams, one per
quadrant/section, which are then in turn combined to form appropriate antenna

system sum and difference voltages [1].

+ _+

DEL CHANNEL

Figure 5. Phased Array Monopulse Processing

The component blocks icentified by the large ¢ label in Figure S represent the
complex weightings which drive the mdividua) array elements. The "corporate” feed

structure feed:ug the weights 1s designed such that the path length from the central
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terminal {One per section) to the weighting functions is the same and thus the feed
provides a broadside wavefront for the weighting functions to operate on [14].
Complex weighting functions allow for both amplitude and phase variations to be
applied across the array aperture, ie.,, from element to element. By providing
amplitude vanation across the aperture it is possible to obtain optimum radiation
patterns.  For the research effort, uniform, cosine (radial), and Taylor amplitude
disiributions were considered. Uniform and cosine amplitude tapers were considered
primarily for comparison with existing measuted data and the Taylor amplitude taper
considered since it generally provides the highest antenna gain for a given sidejobe

level. It has also been shown that for monopulse processing systems the Taylor

weighting provides the greatest monopulse sensitivity slope factor and efficiency for

a given sidelobe ratio [17]. Phase control 1s typically used n a phased array to
perform beam steening. However, electronic beam steering via element phase control
may introduce some asymmetrical antenna properties. For completeness and overall
analysis and modeling robusiness, electromc scanning of the phased array aperture was
considered within the scope of the research effort. Throughout the analysis and
modeling validation phase, comparisons between mechanically scanned and

electronicaliy scanned results are made when appropriate.
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HI. Multi-Layer Radome

3.1 Introduction

This section provides the mouvation and development of the multi-layer radome
equations used in the analysis and modeling of the overall radome, anenna, and
monopulse recejver system. The approach taken in regard to the multi-layer radome
orientation and structure was driven by several factors. First, 2 method was required
to analyze and model tapered radomes since such structures minimize internal
reflections and vanation of insertion ohase delay as a function of antenna look angie.
Secoad, because Genmetric Optics (GO} is employed, a surface normal vector 1s
required for a given point within the radome. The task of determining a surface
normal vector is simphficd if the surface 15 mathematically describable by a function
which is differertiable with respect to ail vanahies of the specified coordinate system.
In this case, the gradient of the fun tion provides the surface normal vector. Lastly,
the prolite.atiun of "tangent ogie" shaped radomes in missile and aircraft apphicaiions
make this a realistic shape for anaiysis and modeling purposes. The quetation marks
are added to emphasize that a radome may exhibit a shape whose overal: appearance
is consistent with a rangent ogive’s appearance without actually contairing an; "true”
tangent ogive surfaces. A tangent ogive surface 1s considered since it will be used as
a "reference” surface for the remainder of the development. The analysis proceeds
by considening « single layer radome consisting of a tangent ogive reference surface
separated from a second surface by a specified amount. Expresstons derived for the

single layer radome are then extended to the muiti-layer radome.
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Figure 6 Tangent Ogive Surface

The tangent ogive radome is perhaps the most commonly used and modeled
radome shape. it can be thought of as a compromise between the desirable
aercdynamic performance of a cone and the desirable electrical performance of a
hemssphere [6]. The tangent ogive, illustrated in Figure 6, 15 a surface of revolution
generated by rotating a circular arc about a cord (every plane tangent to its base is
perpendicular tc :he base plane). The surface of a tangent ogive is completely
described by 1ts generating radius R and base diameter W. For a tangent ogive which
has it base plane :a the x-y plane such that its tip hes on the z-axis, as illustrated in
Figure 6 for a nght-hand ceordinate system, any point which lies on the ogive surface

satisfies Eq (13) where 0 <z < L. The ogive length L along the z-axis is given




by Eq (16). The "fineness ratio" of a radome 15 defined as the ratioc L/W. For typical
radomes the fineness ratio 1s greater than one and Eq (16} can be used to show that

R>W.

gy =R -2 - X+ + W2 -R=0 (15)

L-VF R WAF i6)

In its rectangular form, the right-hand side of Eq (15) can be seen to represent
the radii of curvature for a family of circles which lie in planes parallel to the x-y
plane and which vary in length along the z-axis. Therefore. to generate a second
surface located on either the inside or outside of the reference tangean cgive surface
an additional radius factor can be subtracted or added to the right-hand side of the
equation, subtiaction generates an inner surface whereas addition generates an outer
surface. It is this additional radius factor which wiil be estabhshed in the

development of the single layer radome equations.

3.2 Single Layer Development

For a single layer radome the geometry of Figure 7 1s used for developing the
surface equations. It 1s assumed that the desired tapes function t(8) for the radome
layer 1s krown, 1e, t(8) can be specified bused on the desired 1adome electrical

performance as a function of antenna lock angle 8. Tre reference ogive surface is




specified by the parameters R, and W, with R, > W, yieiding fineness ratios greater
than one and satisfving the spherical coordinate form of the tangent ogive equation
as given by Eq (17). Since the surface 15 symmetric 1a & the analysi: is simplified by

considesing the @ = 6 plane (x-= plane) for equaton development, the results of

wineli are readily extendable for any arbiirary d-plane.

B 2
i
v, | /3, -
R o~ / Heteranca
e Ogivs
!\ / Suriace
A gfql (?78)
Figure 7. Single Layer Radome Geometry
8,/r8) = R ~ r*cos*(B) - rsin(8) + W,/2 - R, = 0
a7

for Wi2<rsL, and Oses%

3
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As shown in Figure 7 12(8) represents the radius parameter required to be
added/subtracted from the reference surface in order to generate the outer/inner
surface, respectively. The goal 1s to determine the function tz(8) required to modify
£.41,9) such that the desired second surface is generated. For a specified value of 8
the law of cosines may be apphed tu the geometry of Figure 7 to solve for R (8). By
computing the roots of a quadrauc equation while enforcing the conditions R, > W,

and O <8 < #%/2, R(6) can be derived as summarized in Eqs (18) thru (22).

Applying Law of Cosines

(18)
B = RX0) « K* - 2K R (8) cos(x/2 + 8)
R® « {2k sin@}R ©) +{K?-R} =0
0 (l I U( { R'} (19)
where: K, =R - W [2
Applying Quadratic Eguaton
Subjectto: R > W,and0 <8 s xf2 ~ R (8) >0 =~ Take + Sign 20)

~2K,sin(8) + {4 K sin(6) ~ 4 (K. - K')

P

yA

R,(©) =

R,(6) = -K,sin(@®) £ {R’ + EX[sm’(8) ~1] )
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R(8) = K - Kocos(®) - K,sin(8) 22)

With R (8) determined the process of determining tz(8) continues by calculating
the coordinates idertified as x/(0) and z/(8) in Figure 7. Once calculated per
Eq (23), these coordinates are substituted into the expression given by Eq (24) to
obtain the final form expression for tz(8). The final t2(8) expression is then added
to the reference surface as shown m Eq (25) to obtain g{r,8). Eq (25) represents the
sphenical coordinate expression for the radome’s second surface and possesses the
charactenstic of being differentiable with respect to all coordinate variables over the
desired range of 6 values. It is evident from Eg (25) that g(r,8) identically equals
zero when 1 = A(8) for the desired range of r and 6 values. Therefore, the

equation of the second surface can be simphfied as shown in Eqs (26) thru (28).

2@ = R - 207 + W2 - R,

2(8) = {R,(e) + t(a)]cos(a)

(23)

@ = |[R©) + 1@ - (0 - ¥®

12(6) = A@)sin(®) - |R? - 4%(@)cos’®) - W2 + R, 24

where: A(D) = R (6) + 1(8)




8(rB) =g, (r8) +zz(®) = 0

? - r2eosB) - | R - AY(B)cos(6)
8(r,8) = JR' J
+[A(®) - r)sin(6)

gr,0) =A@ -r=R®) +t(®) -r=0

2(r,8) = R? - K cos*(®) - K,sin(8) +1(8) - r =G

W
for K'=R,«—2-'

£r8) = K - (R, ~ W /2 eos’®) - (R, - W,12)sin(®) + 1(8) - r = 0 )

for {W,/Z + t(n/2)} srs {L, + t(O)} and 08 <2




3.3 Multi-Layer Development
Extending the single layer derivation process to the multi-layer radome is the next
task. The radome geometry 2nd coordinate orientation for an m-layer radome are

shown in Figure 8. For the multi-layer development, let:

m = Total number of radome layers, including zny resulting from the
introduction of an artificial reference surface.

k& = Total number of radome layers inside the reference
surface, 0 S k < m.

i = Surface number under consideration, 1 <i{ < m+1.

1(8) = Taper of the i* layer relative to the ™ surface. speafied in
the r direction.

ts(68) = Taper "sum" (equivalent taper) of the i* layer relative to the
reference surface.

LAYER
NUMBER

» 2

i r i m+1
SURFACE NUMBER

Figure 8. Multi-Layer Radome Geometry
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For the m-layer radome there are a total of m+1 surfaces for which equations
must be generated. As with the single layer radome development, the surface
labeled r in Figure 8 is a "true” tangent ogive surface used as a reference. The
reference surface r need NOT be an actual surface of a radome layer. An “antificial’
reference surface may be miroduced anywhere between the radome’s inuner and outer
surfaces provided the taper functions ts(8) and t(6) can be specified for each
radome surface.

The fcllowing denvation and analysis process applies to any arbiiraniy shaped
radome which when oriented as shown in Figure 8, 1) has all layer surfaces

independent of ¢, i.e., symmetric about the z-axis in any given ¢ plane, 2) has at least

one surface which satisfies the tangent ogive equation g,(r,8) or at least a cross-
sectional area such that a tangent ogive curve lies entirely between the radome’s
inner and outer surface, thereby allowing for an artificiai reference surface to be
introduced, and 3}is constructed such that a taper function t(6) can be
determined/described for each layer, including any artificial layers introduced by an
artificial reference surface.

Considering the  surface of the multi-layer radome, the first task is to derive an
expression for the total taper sum ts(8). As previously defined, ts,(8) represents the
"sum" or equivalent taper of the i radome surface relative to the reference surface
Once calculated t5(8) can be substituted into the A(B) expression of Eq (26) to
obtain g(1,8}. G,(r,8; represents the surtace equation describing the shape of the i*
surface. For a given § value the taper function for the inner most radome surface

t5,(8) <an be expressed as shown in Eq (29).




E
5,6) = - ¥ 1,(6)

A

The taper value of the inner most surface for a specified 8 value 1s simply the
negative of the sum of all t(6) values prior to the reference surface. Therefore, the
taper value for the i surface is obtained by adding the sum of all 1,(8) values prior
to the i* surface to ts,(8) as shown in Eq (30). Given Eq (30) the final mathematical
expression for ts(8) 1s obtained by the development process provided in Eqs (31)

thru (35), resulting 1n the final expression as given by Eq (36).

G-1) -1 k
15,0) = Y 5(8) + 15,(8) = 3, 1,(8) - Y 1,(8)
1=1

J=1 i
iel

Jor1 <1 sm+t

Expanding The Finite Sum Expression :
+[4© + 1) + .. + 1.,)]

ts,(9) -
- [tl(e) +50) +.. ¢+ :l(e)]

For k> (i-1)

15,0) = ~{(8) + 1,,,(8) + .. + 1,(6)}




For k< -1}

15,00) = +{,10) + 506 + ... + 2,,(6) }

Fork = (i-1)
t5,(6) =0
Define Signum(i-k-1) as Follows:

I -1, i< (k+1)
sgnii-k-1) = 1 0, i=(k+d)
[ +1, 1> @)

Leting ¢ = max(i-1,k) and s = min(i-1,4) + 1 shen,

15,(8) = sgr(i~k-1) i tl(ﬂ)

Jos

Jorl sism+i

The ts,(8) function of Eg (36) represents the total taper value to be added to the
reference surface for any given value of 8. It can be substituted directly into the
single layer radomsz A(n} expression of £q (26) to provide the final form expression
for g{r,6). The final expressions obtaraed are as given by Egs (37) and (38). As with
8.(1,0) tnd g1.8), g(r,8) 15 mdependent of $ and 15 differertiable with respect to

both 1 and 6 over the spurified varisbie ranges.




89 =A®) ~r=R(8) +1t5(8) -r=0

£(r0) =\ R - (R, - W,/2f'co(®) - (R, - W,/2)sin(®) + ,(8) -~ r =0
(38
Jor 1sism+l , 058 sxf2 )

and W2+ 15,2 s 1 s[L, +15,0)

Since ts(6) can be explicitly solved for in Eq (38), this equation proves to be very
useful if the .ntroduction of an "artificial” referer.ce surface is required. Given the r-6
profile for one of the radome’s actual surfaces, 1.e., a set of (1,0) points which lie on
tke actual radome surface, a corresponding ts(8) profile is obtainable via direct
supstitution of the (r,6) values into Eq (38). Numerical interpolation and
apuroximatior techniques such as Lagrangian, Hermute, cubic splines, etc., may then
be employed to develop the required ts(8) function [18] The only restriction on
the best fit approximation i1s that the ts(8) funcuion derived be at least once
differentiable with respect to 6.

The GO ray iracing method employed requires a surface norm=} to be obtained
for any arbitrary point on the 1* surtace. Since Eq (38) mathematically describes the
i* surface and varies only as a function spherical coordinates r and 8, a spher:cal
coordinate gradient may bc utiized to calculate surface normal vectors. The

spherical gradient vector compunents G,(r,0) and G(r,8) are next calculated. From
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the definition for the spherical gradient of a function varying only inr and €, Eq (39),

the normal vector components are obtaned.

78,00 = e, 0)7 + 1 200
or (39)
=G, (r8) 7 + G, (r0) &
3
6,00 = —[8,0:8)] = -1 (40)
19
Gy (r) = ;:}—e-llg, 9]
(41)
- 121 MR K ead(@) - K,sin(®) + 15(0) - r]
raot
- 2 - 1
Gu.i(nﬁ) . (1/2)(~K;)(2cosB)(-sind) _ K,cose 1 d [ts,(e)] 2
r (R - Klcos'(6) r
Gpr®) = HEZ2 | _ZED -1} LA @)
JR? - K2cos’(8) r (43)

where K, =R, - W,[2
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The expressions given by Eqs (40) and (43) for G (r,0) and G(r,0) are the result
of taking partial dervatives of g(r,8) with respect to r and 8, respectively. These

results are substituted into Eq (39) to obtain the surface normal vector.

3.4 Taper Functions

Two specific radome taper functions are considered, namely, 1) a constant taper
thickness as measured aiong the radome surface normal direction and 2) an "ideal"
taper function based on constant electrical thickness as a function of look angle 6.
The constant thickness taper development is included here for completeness and
validation purposes. Radomes with constant thickness tapers are perhaps the most
extensively analyzed i literature. Therefore, a wealth of empirical and measured
range data exists for verificat:on of analysis and modeling results. The concept of an
“ideal" taper function 1s introduced as a means by which an optimum radome taper

may be developed. Smmilar to the multi-layer surface equation development, the

"ideal" taper function development is unique to this research effort.

Under the assumptiun of localiy-planar surfaces at ray-radome irtersection po.nts,
transmission characteristics of Electromagnetic (EM) waves can be derved using
dielectric slab propagation methods. As an EM wave propagates through a dielectric
slab it will experience a phase change, 1., a phase shift as it propagates from the
incident surface to the transmit surface. For both the constant and “ideal" taper
function developments 1t 1s necessary to introduce the concept of “electrical

thickness”. Letting ¢, represent the amount of phase shift as measured at points

along the surface normal direction, the "electrical tickness” d, of a lossiess dieleciric




slab can be expressed as shown in Eq (44). In this equation d, represents the slab
thickness as measured along the surfacz normal dircction, A1s the free-space
wavelength of the propagating wave, ¢, 1s the 1elative dielectric constant of the slab,
and 6, is the incidence/design angle berwesn the surface normal vector and wave
propazation direction vector. Letting ¢, = Nx 1n Eq {44) results in what 1s caliled

an "Nth-order wall" satisfving the expression given by Eq (43) [6, 7).

d et
d = ;—‘ = —1—" /—e:, - sin?8, {Wavelengths) (44)
n E

e

For an Nth-Order Dielectriz 3lab :

45
d = —1t* for N=123. “9)

qe - sin@

‘Two commonly considered cases are when N = 1 and N = 2, correspording to
“half-wave" wall and "full-wave” wall designs at the specified design angle of 8. All
Nib-order wall designs exhibit charactenstius such that reflections from the transmit
surface cancel reflecticns from the incident surface, thereby, resulting 15 masimum
transmussion of the incident wave.  Also, at the design angle both parallel and
perpendicular polanization componeuts expenience zero reflection, maximum and
equal transmitiance. and equal inscrtion phase delays. Thess charactenstics and
Eq (45) strctly hold fur lossless materiabs but are good approximations for the low-

loss maierials normaily used m radome structures {7).
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Figure 9. Geometry For Constant Taper Function

J

3.4.]1 Constant Taper Funcrion. For constant thickness radomes an "gptimum’
combination of dielectric constant and design angle 0, is seiccted by thecretical or
empirical methods. With N, €. and 8, specified, Eq (45) 1s used to caiculate the
appropnate normal thickness d,. Relative to a tangent ogve reference surface, 2

coustant taper generates an additional ogive surface located either inside or outside

of the reference surface. The new surface generatec must satisfy Eq (46) where the

subseript "¢" is used to denote "constans” surface quantities as identificd in Figure 9.

8.0,8) = JR - P cos?® -1, sin® + W2 - R =0
46)

~ 1 =Ksin®+ R} - K’co?® for K =W,/2-R,
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£,(,,8) = | P - ricos’® - 1,5m6 + W,/2 - R, =0
@7

- r,=Ksin6 r {K - K'cof® for K, -WJ2-R,

Given the tangent ogive reference surface parameters R, and W, spherical
coordinate 1, may be expressed as given by Eq (47). From Figure 9 it is apparent
that t5(8) =r.-r, for al 0<®<w/2 Using tws relationship and Egs (48)
and (47) the taper sum function of Eq (48) is obtained where the agitirnal
relationship that K. = K, has been utilized. This taper sum expression 1s substituted
into the g(r,8) expression of Eq (38) to obtam the final surface equatior for a
constant thickness taper. The derivation process is compieted by differentiating ts.(€)
with respect to 8. Results are shown i Eq (49) which 1s the required derwvative tenn
for calculating surface gradicnt components of Eq (43). I can be shown that Eq (49)

is valid over the required 6 range.

ts8)=r -1,

= JR: - K} cos?0 - J;{Z - K?cos?8 (48}

= (R, < 4.} - Koo - |R - K cosd




3.4.2 "Ideal' Taper Function. if for every passible combination of antenna
element location and propagation direction the radome normal thickness d, can be
modified. ie. vanied m accordance with Eq (45) such that each propagating ray
expenences equivalent amplitude attenuation and phase delay, the radome would
possess "ideal” propagation chaiacieristics. The term "ideal” implies the radome is
“sransparent” o au ncident umform piane wave, 1.e., mtroduces mimmal or po
variation on cither the amplitude or phase; this “ideal" situation is impossibie to
achieve under realistic conditions. tHowever, given a specific element location within
the array and a desired scan plane. in conjunction with specified radome geometry,
1t 15 possiblz to utihze Eq {45) to develop/estabiish what will be referred to as an
‘ideal" taper function.

Considering the geomeuy established in Figure 10 where g{r.8) is a given surface
equation for the 1-th radome surface, the goal is 1o determine taper function 1(8)

such thet g,,,(r,8) can be represenied as the sum of g(r,8) and 1{6) for 0 < 1 <v

and 0 £ 6 2a/2. Given 8/ 15 vanied in the arbitrary &’ = @ plane, 0 £ 87 < 7/2,

it 15 possibie to caleulute an "ideal 1(8) utibzing Eq {45). The taper function
develuped s ideal” only for the element jocation under consideration, i.e . an clement
located at the aperture center. This is a reasonable choice cons:dering how
ampiitude weighis are typically maximum at this point. Given any cther clement
locaiton, the radome tlackness d, or £(9) value seen by an emanating ray wiil be jess
than optirnum, 1e., will generally not sausfy Eq (45) for the given 8 scan direction
and calcuinted incidence angie 8, Eqs {50) thru {55) summanze the process for

calculating an “idesl” taper function 1{9).

L)
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Figure 10. Gemnetry For Establishing "ldeal” Taper Functions

Civen$', g (v,0) =0, and ¢ =0:

r,<r>g(r,0)~0

sind’ X + 1’ cos® £

(50)

;= sinB’ £ + cos®’ 2
Ed

Vg (r, &
For 47 at P': A =~ 87 .%)

. 8
Vg (r,8) ]




Giver 8, and sin*6, =1-cos’8 » 1- {7
(52)
then d, = N

IA.'"T‘""_""
2 g, +{F ea) i

On The 1+1 Surface, g, (7,5) =0,

. 53)
B Food R B Fx'-dnni" N
= -4d.n , TS
i1 =7y » P il 7, < d, A, |
R Flef-~d (fi 2
o =COS-‘(P,,1'i)—COS-1[ i —— n( ‘i’ )1 (54)
r;-da| J
Given 6 , 2(r,8)=0 and r =r3g(r,8)=0,
(35)

§O® = 1P -7 =17 -da/] -,

For typical radome geometnies including a tangent ogive the above process
seidom leads to a closed-form solution for t,(8). Numernical techniques are employed
to calculate § and t,(0) by varying 8 over s full range of values. Curve fitting
techniques 10 are used to arnive at a functional form approximation for 1{6). It is
evident from Figure 10 that the surface normal vector fails to exist at the radome tip.

Numericai solution techtugues must account for thus in approximating 1,(6) values fer
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small values of 6¢. Far radomes with high fineness ratios (greater than two) this

presents little difficulty since in the rademe tip region the value of 6 rapidly
approaches the value of 8.

The numerical solution procedure is applied to the tangent caive radome case
previously cons.dered by letting g (r.9) represent a tangent ogive surface. A Fortran
computer program was written to accept arbrrary ogive surface parameters,
Ragius (R) and Width (W), and arbstrary dielectric constants. The program varies
the value of 8/ over its range and generates a corresponding table of 8 and t,(8)
values. For a test case the program was run with ogive surface parameters of
R = 234.472 4, W = 36,1358 %, and with a dielectric constant given by ¢, = 4.8.
The vaues cf 8 and corresponding t,(8) values gencrated are plotted in Figure 11 as
marcated by the "s" symbols. These data points were mput into a computer with
curve-fitting capability whick i turn provided a "best fit" equation; Eq (56) is the

Gaussian equation returned {rom the curve-fitting routine. The dashed line in

Figure 11 15 a plot of Eg (36} showng a "near” perfect fit to the osigiral input data

points.

Gaussian Function For "IDEAL" Taper
(56)

1,(6) = 0.2267 + 0.6071 ex;;{-.S[




« + « = "deal® Input Data

— = Gaussian Curve Fit

Normalized Tapsr Value (Wavslengths)

19 26 3 40 50 6 70 80 S0
SCAN ANGLE (Degs)

Figure 11. "Ideal" Taper Funcuon For Tangent Ogive Reference




IV. Radome Reflection Points

4.1 Introduction

Thus chapter provides the motivation and methodelogy for calculating wavefront
refiection points on a radome’s inner surface. A Geometric Optics (GO) approach
1s used to analyze and predict overall reflection performance. As noted previously,
a significant portion of the discrepancy beaveen measured and numerically predicted
poresight errors is caused by reflections within the radome interior {6]. Hence, to
obtain accurate and reliable toresight error estimates such internal reflecticns must
be taken into account in the development of sound radome medels. Pnmary
refiection points within a radowme account for a major portior. of the total reflected
energy recuived/iransmitted by the aperture. The following development concentrates
cn calculating pr.mary reflecied rays only as a first order approximation to overall
reflectior effects. A primary reflecred r2¢ 15 considered to be any ray which
encounters at most a single transmission pomnt and siagle reflection point while
propagating from outside the ;adome {0 a point within the radome on the aperture
plane.

The geometry and conventions estabiivhsd m Figure 12 are used throughout the
discussion. Thie point wentified as (X,y,z,) represenis the "ro:ated” antennra element
position for a particular element 1n the aperture planz with its assoczated "cntical’ or
reflection pomt(s) given by (x.y.z.). All critcei ponts hie on an arbitrary radome
surface specified by g(x,y.2) = 0 as indicated 1 Nigire 12. The vector £ represents

the desired diecuon of propagation with camponents <k,\.k,>. For this

wy
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geometrical representation, the problem/abjeciive can be stated as follows: "Giver
the pomnt (x,y,z) and the desired propagation duection %, determine the
coordinate(s) of the poinds) (x,¥.z.) satsfying g(xy,z) = such that a ray
cmanating from (x,y,z,) intersecis the radome surface at (x,,y.z.) and reflects in the

¥ direction.

Xy

2

akxyz) =0

e Ye 2

Figure 12. Reflection: Point Geometry




4.2 Generalized Variational Solution

The method of approach to solve the problem is to invore Fermat’s priaciple and
then apply vanational calculus to obtain the cntical paints. Firs:, a planar reference
surface f(xy,z) = 0 1s established as in Figure 12 with normal vector k and located
at a distance D from the aperture plane. As shown. the point (%742 ts the "fina™
intessection point of 2 ray whick cmanates tromr (5,y.2.), propagates m the £
direction, and strikes the f(x,y,2) = 0 normally. The protiem statement nay now
be modified by application of Fermat’s principle: "Given the pomnts (x,y,z,) and
(xp¥07y), subject to the copstraints that (x,y,z,) be in the aperture plane and (x,v,2)
lie on the reference plane, find the path which requires mmnimum propagation time
from (xy.z) to (%¥.z) such that the pomnt (x,y.z) ic on the path and
g(x.¥o2.) = 0." s now stated, the problem is a classical variational calevivs problem.

The following development 1s based on classical vanational calcuiu« Zechmques.
Conventiors and uotations used here closely parallel those used by Gelfand and
Forum and were adopted primanly lor convenience and consistzacy purposes. As
given by Gelfand and Fomin [19], the funcuonal J[x,y,z; for a variatncial calculus
problem involving Fermat’s principle n three dimensional space s as given

vy Eq (57).

9+ G 4 - [ Fixyonsi] d (57)
Jixy,21 f TR f F{xy,2,%5,¢] dt

tn
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In Eq (57) ¢, represents the fixed "niriul® ume at starting point (x,y,z) and
variable t; is the "final" time at the cnding pont (x,y,z,). The functions x(t), v(t) and
z(3y a-e parameirc representations of corresponding rectangular coordinates x, v, and
z. The function v(x.y,z) represents the positional velocity of the medium through
which the wave/particle must traverse in going from the initiai to fina! points. Since
the problem at hand requires that the ray intersect the radome wall at (x,y,,z ) along
the path. the functional of Eq (57) 1s rewritten as the sum of two functionals as given
by Eq (58), with variable ume ¢, bemng introduced as the "critical” ume at which the
wave/particle reaches the critical point. The subscripts "1" and "2" are used to
distinguish between the two difierear regions of integration and an additionel
constraint/boundary condition 15 added as a result. Since the overall solution which
mimimizes J{x,y,z] must be continuous, i.e., a continucus path from the initial to final
points, boundary conditions must be enforced at (x,y.z) such that x;(t) = x(t),

Y!(‘c) = Y2(tc)’ and zl(tc) = 22(1:)'

Jixy,z] = J1x,9,20) + 4 1x,,2,]

1, l,

= fF,[Xpy‘,z,.i,,)"l,i,]dt * fpzlxz»yz'zpiz’).’zyfq]dt
't

For a farictional of the form given by Eq (58), the vanation may be expressed as
given by Eys (539) thru {61) [19]. A necessary condition for the functions x,(t), y,(1),
ang z,(1) to minmnze J[xy,z], and x_(*), yx(t), and z,(t) to mimimuze J.{x.y,2], is that

the varistion expressions given by Eqgs (60) and (61) varish for all admisstble




functions, 1.e., §J,[xy,z] = oJ:[x,y,z] = 0. A necessary condition for £ach variation
to vanish is that the system of Euler’s Equations given by Eas (62) and (63) bte

satisfied for each variation 6J,{x,y,z} and 8J,{x.y,z}.
8J[x,y,2] = 8J,(x,y,2,] + 6J,1x0,7,2,]
84, lxpypn)= [ {( ) (0+{=2F, ) o+ 2F ) 3(,)}
! ) (60)

te I'c
+ (r‘hléxl +F,y 8y, +F,, 82, o (F, =%, Fy, < 3Fy, -i‘F“*)|,
1 ()

y
s yx )= {{-:f th]!u(t) '(%: th)h,(z) +(i‘?’ Fuz)h((t) }dr

61

! l’ - . - ‘/
+ (Fudt Fy, 87,4 Fyy 82, )l’ . (13 ~5,Fpe, $oFy, -y ‘

d d d
F, - d{(\ru,) =0; Fy - dz(F"-) i Py, E(F,,l} -0 (62




Assuming a hormogenous mediumn exists over both regions of integration, the
velocity of propagation within the medium 1s independent of position, resuluing in
i(Xpypzi) = v, = constany  and  vfx,y,,2,) = v, = constant. For this case, the
Euler's Equations gi«cr by Eqgs (62) and (63) reduce to expressions given in Eqs (64)
and (65) afier the appropnate partial derivatives of Fijx,¥,z,% ¥1,Z,] and
Efnnynze%n¥az,) are taken. Each of these equations represents a system cf
first-order difierential equations. As expecten for a homogeneous medivm, the
general sclution to ihese two systems of equations, ard hence tle general solution to
the Euler's Equatious, is & set of Lnear eauations of the form given by Eq (66).
Trerefore, any set of x(1), y(t). and 2(t) functions satisfying Eq (66) cause th. mtegral
terms of both §J,{x,,y,,2,] and #J.[x,y.2,] to vamsh and are candidate solutions for

minirmzing the functiona! of Eq {58).

—(F,,X)=o - F, ~K, = ———5‘9—_—-4(

s ]
Fylxpypapdn iyl

-d 70
~—f{F. =0 = F = - = (64)
4,( ) =K Fi[x,y02,%,9,.4]
-d N 3,(9)
) =0 = Fy=k - Flryziyil
1 p)’p«‘,xl,)‘plll
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Fo X, ¥ u 2 ip Y08y

S AU
lexz'yztz'pizx:;‘piz}

()
Fyl%, 30 20,X0, Y202, )

() =ap +a, xff) =Ag + A,
WO =bt+b,  yH)=Bt+B
M =ct+c, (0 =Cr+ C,

: e[t‘,r,] te [t‘,t/}

: ]

Given that candidate functions are chosen which satisfy the system of Euler’s
Equations, the vanation expressions given by Eqgs (60) and (61) can be recast i the
form given by Eq '€/} for each of the regions being considered. These expressicas
are further simphified by nouny that the second term of each equation 1entically
equals zero for all admissibiz functions a(t) y(tj. and z{t}, when the required partial
denvatives ate taken as lustratzid in Eq (68). By applying the results of Eq (68) to
Eq (67), the variation express:son given by Eq (69} 1s obtained where the evaluation
process has been apphed at the upper and lower hmits and the terms combined o

a single variation expression.




\ =
(Fi 8%+ F,, 8y, +Fyy 82, )Tt ’
/)
8J\ [xyyy2)] =

-1,

v (Fx'ilFL:,'ynply,'ilsz,)l:

l'l,

3, [xy2)) = |
l'l/
+{F, 3P, ")"zey,'ize-?)I

e=t,

i o
8Jixy.] = (Fiydx, + Fiudy, + £1,87 | - (Finx, « Fy by, + Fip by
1 1 H 'l' t 1 ‘-(69)

* (Fagd% + Fy 03, + Fu‘ts;.)l‘

; (Faudx, + Fy 8y, - Fo 82, )l

k

Considering the smnial pomt 1s speafied at 1 = 1, 1.€., (Xo¥,2.) 15 known, and that

continuity conditions at t =, must be enforced as expressed in Eq (70). a final

S8




simplfied vanation expression is obtained as preseated in Eq (71). The expression
of Eq (71) must vanush for all adimissible variations about cnitical poim {x,y.%.) and
final point (x,¥pz). As such, two separaie cases are next considered, Case 1 is for no

vanation about the cnitical puint and Case I1 i for no variation about the final point.
For (x,yz) Given & =05y =8z =0
{70)

<

By Continuity at = ¢ : («Sz! = 67:2)1 ;(6)*‘ = 6)'2)[ ;(61, = 671)1
e e

8Jxy.al = (F,:‘ -Fy, 8%, + (z-‘!,l-Fzy,)sy‘ + (F,I—F,__i)bzc -
7

- )
+ (Fz‘:éx, - Fy by, « Fp bz,

For Cascl al variation about (x.y.z) is assumed to be zero such that
8x, = 8y, = 6z = 0. This assumption leads to the expression given by Eq (72) which
when rewrnitten using the vector convention established i Eg (73), results i the final
dot product expression given by Eq (74). Since the dot product of the twe vectors
identicaliy equais zero, the velocity and incrementsl vectors niust be arthogonai to

each other at the critical point.

For 6x, =3y, =dz,<0 -
“J
8Jxy.2) = (Fy, - Fy, Yox, + (Fyy, - Py 0y, * [Fip - Fy )82,
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P L p Y0 . g, 0
S SRR TR T

where F() = F[x,5,2,5,5,8] < {20 + 'O + £

Letting : (1) = {73)
g : F@) = [x(),5%40,20))
7 = [3(0),¥0),i0)]

F@O] =/ 2@ + yi + 20

ﬁen:(F,,F,,F£)= ff(t) =f(t)

(36 %00\ (36 3 40 50))
- o5x + - 1) r - & =0
l( Fil=) Fz(t)J X { Fi(» Fz(‘)) ¢ ( F(®») F(#» } Zc (74)

=[A) - H)](ox8y,82.) = €

In & grophical sense mcremental vector (6x,8v,,6z.) repiesents the change in
position of the critical point on the inner rademe surface. Therefore, allowing for
vatiation of the cntical pomt requires that conditions of thz onginal problem
statement be enforced, 1€, (X +8x,y.+8y.,z +82z,) must satisfy g{xy.z) = 0. The
results of applying this constrant are summarized in Egs (75) thru (78). In arnving
at the finar expression given by Eq (78) an incremental form of a Tay'or .cries

expansion is employed. Enforung the conditions that 1) the point {«.y,z.) satisfy
8 & £ (e ) erleg 3
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g(x¥.2} = 0and 2; the incremental vaniations 8%, 8y,, and &z, are very small, results
1 the sim:plified expression for the dot preduct of Yelx,3,,z.) and incremental vector

{82,3y.,82) as given by Eq (78)

Jar

8lx.+8x,,9,-8y,,2,432,) = 0

Using The Incrementa! Ferm of Taylor Series

fGxvh,y+k,zem) - fix,3,2) + (Bf. + kf, + 1if,)

- Highe) Order Terms (4.0.7)

glx roxy, * 8y az 0 bz ) = ginavan ) (802, + 8,0y, + g0z,

't

+HOT =0

=9

A gredhent spd increnental sectors wWenticzlly equals zero,

indrating 1he v vesions ars cithogonal ta caur other. Comparison of the veiocity

1




expression miven by Eq (74) with the final gradient expression of Eq (78), clearly
shows two different vectors orthogonal to a common incremental vector, indicating
the gradient and velocity vectors are coplanar to each other. This condition is true
for all admussible incremental vectors. If the incremental vanations x,. 8y, and 62,
are once again assumed to be very small and the reflecting surface is assumed to
have 2 large radwus of curvature in relation to the variatons, a locally planar
approimation of the surface at the critical point may be made. As such, all
adnussible incremental vectors satisfying Egs (74) and (78) lie on a locally planar
surface. This assuraption further restricts the orientation of the velocity and gradient
vectors dictating that they be collinear, the condition expressed by Eqs (79) and (80)
where  and A, are non-zero real numbers  As defined, vector 1, represents the unit

normal vector at the critical point.

[ A k) N 1 3
l’:(‘:) - rz(tg)‘! =3 Vg(xc,y‘,z‘;

V(%1 Y02.)
g(xeyt )

a':d l‘- = lzvg(tuyﬂzc)!

Flt) - F(8) = AR,

The geometry illustrated :n Figure 13 1s next considered t¢ establish the

significance of th.s relationship. Using the conventions indicated, Eqgs (81) thru (84)




were derived to show that the condiion specified by Eq (79} is equivalent to
satisfying Snell’s Law of Reflection at the critical point, a necessary and expected
condition when applying GO assumptions. Relationships established in Eg (81) are

obtamed by taking the dot product and cross product Eq (80) with n, as mdicated.

Figure 13. Geomerry for Verifying Snell’s Law
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2 1 1. . 2 - 2 - -
[0 - 0], = @) i, - Fe) o, = &,

= cosy -cosf, =4,

(16D - Be} <, = A (i xi ) =0

= siny -sind =0

so y=8, ~2km for ki =0,2z1.22,000
or y=km-8 for ky=2113,45,
For y =8,+2kxr cosy - cosH, = cos(8, +2km) - cosB, = A,

~ k=0 "Trivial Solurion”

For y =k, -8,: cosy - cosB, = cos{k,m ~ 8,) ~cosb, = A,

-2ces8,
- ~2cos9, =% = A=m-— —m

|Vg(xc.y:,zc)}

“Non - Trivial Solutions Exist”

From Figure13: 6 <w -y =n - (kgn - 6,)

-~ 8,=0, "Snell's Law of Reflection”

82)




For Case 11 all variation about the critical pomnt is assumed to be zero, i€,

8x, = &y, = 6z, = U, and a denvation procedure similar to the one applied to the

first case 15 carned cut. A simplified vanation expression for Case 11 1s obtained

from Eq (71) and may be expressed as given by Eq (85). As before, the vector
notation/convention established i Exy (73) 1s applied to obtain the fine] dot product

expression shown in £g (86).

For 8z =dy =8z,=0

3Jix,y,3} = (Fz,:zéx, + Fzyzéyf + i«',_,zbz,)w =0

2) =0 ~ Ay +{x,by,82) =0

7t

Sim;lar to the ircremental vector about the cniocal poine, the incremental vector

(8x,8Ys62;) graphically represents ine change in position of the final puint on &
reference surface.  Any wanution of the final point must contorm to the onginal
problem statemen: which requires that the end puint lie on the plane speafied by
f(xy,7) = (. Therefore, for all admisable incremental vectors atout the fingl pont,
the point (X+8X.y+8y.z+87) must satsfy  f{xyz) =0 Eqs (87) and {8R)

summanze the results of ealorcing this endpont boundary condition
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For f(x,+5xf,y!+5y,,z',+bz/\) )

. (87
S8y 09y2085) = ooz« Uwgosyesin)

+HOT=0

Fer flxpypz) = 0,8x<<1,8y,~<1,82<<1 = HOT.=0

®3

)

( ; {002 )=

her (§,5%, + 7,85,+ 1,82, ;'!, 20 = Vix,zy.5) (0. 8y, 82 = 0
!

Eujuaticn of f(x,y,z) at a variable end pomnt . accomplished by once again using

an inci2 ental farm of Taylor's seties exgancen, resuiting in the final simphfied det

proguct e-piession given it By {68). [his expression cleatly shows ar orthogonal

rz.ctionship betwesn the sncizmentud vecior and g adient vector W(x,y,z) at the final

trme. Suice he icien.ental vewor (a4 52,) 1s orthogonal o hoth the - elunity and

g.aditnt verrars at the final time, vvident by comparing Eq {86} with Eq (88), 2ud

all sata s«ible nuremenial vectors must e on the pianar reference surface, the

I e-war entel and grudse it ve: tors thenselves must be coflinear  This relaticnshyy:

exprese=d 1n £9 (83, ahere two . Jational fac ois have been taken o consideration

Farst, the form of candidate solutions 15 a set of hint 2 finctions given by Eo (66)

whick resnlt frem cons.denng a homogenecus medium As such, the velocily vector

remains constant over ume.  Second tre reictence plane  f(xv2) =0 15

~
Jhataenized by the prebiem statement as havimg a suriace normal of k. je,

B

fo




Vi(hy.z) = k for al (x.y,;z) on the surface. Applying these conditions, the
relationship established i Eq (89) is »'gnificant in that it ciearly satisfies the

reqairements of the onginal problem statement.

For r‘z(t) = constant Vt€[t,,t] and ‘Z’(x/,y/,z/) =k (89)

then Fe) = AVf(x,,y,2) = Fg50 =K = [k, K.k}

At thus point Jic necessary conditions and relations! “ps have been estabhsled for
mimmizing Jix,, 2© and are summarized as fullows. 1) thz assumption of a
homogeseuus meuum s hoth tegions uf integration esw.Slishes that only {anstions
of *he tnrm expressed by £y (06) arc admussible, Z) reqi.nng continuous solutions
at t =1 fu all admissible vaniation abuut the crincal pomnt, wiaie satsfying the
surface constraint that g{X,y.z) = 0, results in a relationship satisfsing Snell’s Law
of Reficction and 15 expressed as given by Eq 79,. *} a homogeneons medium over
the second region of integration anc » constraint that th* una' pont lie on 2 planar
reference surface specified by f(x,y.z) = 0 with surface orma! vector %, results m
the constant velocity relatonstip shown 1a Eq {89), satscung the velocity
condition/reflection. direction requirement at t = t, and 4) specifying the initin} point
(%.y.z,) results in a fixed end point condition at t = i elimunatng three unk,.owns
frcm candidate function soiutions. Beginming wia candidate »olutions of *he torm

given by Eqg (66), cach of the above mentioned condions and relationsh.ps are

apphed to ob‘ain a specitic solution for the problem Using cardidate functions of
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the form given by Lq (66) the fixed end point boundesy conditior: at t = t, is first
applied tc readily elimnate three unknowns. Eq (90) summarizes the results of

applying the fixed end point boundary condition where the nitial time t, 15 arbitrarily

K set equal to zero for convenizace purposes.

. x,t)=at, +a, x(0) =x, =a, x() =at+x

v ne) =bty+ 5, I - 3O =y =b =~ y@=bs+y (90
3 L) =ct + e, o 70 =2z-=¢c, 2 =ct+z

The vector nowation established in Eq (73) is next apphed to the candidate
functions, resulting the unit vector velocity equations of Eq (91). The quantity v, is

introduced ¢ s the positionai velocity in the "medium” and 1s a result of assuming that

v = vy, ke, the posititnal velcaity over both regions of mntegration are identical.
These results are appliea to Egs (79) and (89) where thiee unktowns are determined
from Eq (89) and substit ited mto Eq (79), resulung 1 the system of equations given

in Eq (J3).

HOE (“'b'c)_ﬁ ICH . xe{t,,rc]

\/712 +Ht et Vi :
; (4,3, A,B,C I on
Lo - 9_ - @EBO g4 i)

where: v =gl +b?+ct = AP+ B+ C2




For £t) =4k

(92

mox? n'y

f,(tc)Jg’hgﬁ)-:(kx,ky,kl) - A=vk ,B=vk,C=vk

For #(t) - ie) = AV(x.y,.2,)

-k, = Ag,{x.y,.2,)

e

- ky = Ag,(xc.yc,zc)

Sle

|a

-k, = g fxoy.z,)

When combined with an arbitrary reflection curface equation, the v, expression

¢ 9 (91) and velocity equanons of Eq (93) represent a svstem of five equations and

five unknowns, namely, a. b, ¢, A, and t. They are valid under the two previously

stated assumpuons, homogerecus and identical mediums over both regons of

integraticn, and apply to any arbutrary reflecting surface satisfying g(xy,2) = 0 which

is differentiable with respect to all vanatles.

4.3 Tuangent Ogive Scluson

A tangen: ogive suriace satisfics the stated requitements and 15 ntroduced as the

relouting surface of the radome. The expression given in Eq (94) represents a

tangznt ogive which has its base plane 1n the x-y plane and s tip on the positive
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z-axis. The surtace 15 completely described by itc gencratig radius B and base
diameter W. The equation is valid for 0 < z < L where L is the radome length as

measured along the z-axis.

For a Tangent Ogivz: Surface,

glry,2) = B2 - iyt + -gi -R=6

where 0<zsL for L=+R-(R-WZy

-x:

= & =__,gu'

ey

=¥

[2 2
‘e ¥1‘+yc

The fizst step in solving the system of equaticns for the tangent ogive 1s 10
scale/nondimensionalize all quantities ivolved. Al ‘engths are scaled/divided by
penerating radius R, velocities are scaled by v,,, and time 1s scaled by Ri,. As
indicated in Eqs (95) thru {99) a tilde ~) is used to represent dimensionless

quantities.




From Equation 90:

From Equation 87: v, =ya*+b*+c?

Normalizing the Surface Equaton:

gxy.d) g o Vi =& +57 +K=0 where i-—%-l

R

-X
~ g}!R ER——
i

2 2
V‘: * e

X YerZ)
FACAS AR A

= A -f(x-").'t’it)




The observation s now made the by mrroducing a spherical coordinete change
of vanables as given by Eq (1060), Eq {97} 15 sansfied for all « and g8 over the
specified ranges. The ongmal system of equations is now reduced to four equations,
shown in Eqs {98) and (99), and four unksiowns, namely, 2, 8, 4, znd T,

& -singcos] , b=sinasinf , &-=cosc
(109)

where 0<B<2m and O<a<«

tofn

e’ Further simplificatiuns are possibie by considering & couple of adduional

consiraints on the reflected rays  Furst, only reflected rays with positve x,

components are of mterest, This results from restricung the antensa scanzobservation

region to angles whick look "through” the radome. Second, only reflected rays with

reflection angles greater than zero or less thar #/2 Rads, as mcasuied from the

surface normal at the cntical point, are considered. As a result of this restniction

£q (83) can be used to vernify that A must be less than zero. Third, as z, approaches

L, both x, and y, anproach zero As a resJli, the parual denvatives of g(x.y,z) with

respect 1o x and y fail to extst a1 (0,0,L) and two expressions of Eq (99) become

mvald and an msufiicent number of equations rem..n to solve the problem.

Therefere, z, cannot equal L and care must be taken as z, approaches I.. Given

k, >0, 2 <G and 0 <z <L, the last expression of Eq (99; taa be used 10 venty

that T must be greater than 2ero, resu™ing in the restncted range of a valtzs showsn

m Eg (:00).




Since the scaled surface expression of Eq (98) is independent o0 A, A may be
chminated using Eq (99; provided care is taken to ensure that the partial derivatives
exist and are non-zero. In eliminating 4 three special cases are consdered. Each
case 15 distingwshable from the others by the relationship between the values of X,
and y.. For each case considered the goa! is to begin with 2qs (98) and (99) and
elminate as maiy unknowns as possibie, preferably obtaiming closed-form solutions
for ail variables. Each of the three spycial wases is further divided in to subcases
based o radome geometry and aperture scan angle restricions. A totai of eleven
special cases and/or subcases exist. The following development is provided for the
case which yrelds a majority of critical point soluticns. Complete solution details for
additional cases and subcases thereof are provided in Appendix A.

For the first case, Case §, both X and ¥, are assumed to be non-zero. As a
result, the partial derivauive expressions of Eq (98) are substituted mto Eq (99) to
elimnate A as shown 1 Eq (101}. By equating the first two expressicns of Eq (101)
and applying the change of varizbles prescated 1n Eq (100}, the process of derniving
an expression for T, 1s accomplished as shown in Eq (192). At this point two sub-
cases are required. Case :.A is consideres here and Case LB denvation procedures

are provided in Appendir A. Case LA assumes that T, can be expheitly solved for

from Eq (102) resulting in the expression as chiown @ Eq (103). This T, expression

and the change of vanables gven by Eg (100) are substituted into Eq (96) to obtan
the critical point coordiatz expressions ginen ty Egs {104) thru (1065 With both 2
and T, ehiminated, @ sysiem Hf two equations with two unknowns remaius, namely «

and £




For Case I, %<0 and §.+0

[ (b-wli-F (-k)1-2

= isina(k cosp -&sing ) = %,(sina cosp -k} - 3,(sine cosf - ;)

For Case I1A: sina(kycosﬂ - kxsiu{l) 0

;. £ (sinasing - ky) - 7,[sine cosP - k)

sine (k,cosp - k,sinB)

i cosﬁ{i,(sin« sinf - k,) ~ )'),(sina cesfB - k,)] .3

(4

7 (k,cos - k,sinp)

r

5 - in[pfsinesing - k) - 5fsmacosp - k)i
A = e r

(kycos[‘: - k,sinB)

cota[i,(sma smf - k,) - y',(sina cosf - k,)] Y5
- Z

¢ (k,cosp - k,sinp)
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(104)
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One equation used 10 solve for o and 5 is formed by substituting the coordinate
expressions of Eqs (104) thru (106) into the scaled surface expression of Eg (98}
The second equation is formed by equating ihe right-hand expression of Eq (101)

with either of the other two expressions, as shown in Egs (107) and (108), with X,

V. and Z, replaced by Eqs (104) thre (106), respectively. in choosing which of the

two expressions to use consideration should be given to the limiting cases as exther X,
or V. approach zero. Note that the final expressions to be solved are non-linear
transcendental type equations with no explicit solution possible. Therefore, numernical

solution techniques must be implemented to solve for remaining unknowns.




V. Propaganon Technique

51 Introduction

When ar. Electromagnetic (EM) wave travels from a source and anives at a
distant vbservation point, the medism through which it prepagates will generaily
introduce amphtude, phase. and polarization vanations. As siated in the Background
section, ali thiee variations are expedted t0 occur 4» an EM vave propagates through
aradome.  Surface Duegration” and "Ray-Traciig” techmgues can be used to azcount
for the vananons. This reseaich effor. cupiielized on existing propagation analysis
and modeling techmigues which were nodified and extended to achieve specific
research goals, i sclecting a weve propugation technigue two key facrors had to be
taken into considerat:ion. Farse the propegeton techmgue chosen for unalysis and
mudeing had i provige fizxibtlity. e, the techmigue had to allow for key sysiem
parameter vanations while providing a response which was both realstic and
technially sound, Second, responses 1o such vanations had to cccur i 2 tely
manner, 1.€., consideration had tu be given 1o mimmiziag compuiational intensity
whi€ providing accurate resalts. In conjunction with the Jesite 10 hmit propagaton

techinique development, consideration of these key fuctors led to selection of tne

"Ray-Traumng (Geometne Oplios) propaganon tochrue for analysis and riodeiing

D UTROSEs,
A parametne mvestygaion of radome analysss iaethods [ developed o goneral

theory for iadowe anaiyse. The investigation Juternuned relvive accuracies and

ranges of vahdity for threec computer «ilea aralyan mathods - surlace integation




ray-trace recene, and ray-trace transmit. The study concluded that the ray-trace
receive meihod was the "most attractive” becawvse of fast computation time and
reasonably accurate results.  Foilowing this effort, Kozakoff {5] conducted an
mmproved radome analysis methodology study which mcoiporated reflecied E-Field

contnbutions 1n the ray-truce receive anglysis, achieving ‘reascnably good”

computational accuracy for most applicanons where zrienna/radome dimensions

exceeded 5 wavelengths. The ray-trace receive technigue was later pursued by

Klemer [6] who charactenized BSE sens:tivity behavior asing multiple radome designs
(vanous wal} thicknesses and dielectric propert:es) and .aperture character:stics (Size
elernent type, amphtude taper, ¢i.), establishing a 'consensus that the rav-trace
receive tormulation offers the besi coinprom.se between ar uracy and computational
effor: for moderate to large-sized radomes, 5.c., radumes wah dimensions greater than
ten wavelengths,” typically the case for most ayrcraft radomes. Also. radomes of this
type are generally charactenized by “finencss” 1avios, o satic of radome length w0
radume base wihh, 1 the range of two to three. These (wo limitation: ensure that
“locally-pla..ar” conditions are met at typical radar {requencies

Consideniag an end goal of the research cffort was to analyze and model
moaopulse radar tracking performarce, the ray-*race receive propagation technigue
proved to be very useful. Monopuise tracking performancz is typiceliy characienized
ihrough BSE measurement procedures conducted on radar test ranges A pical tess
procedure for charactenizing trackang performance begins by scanning the radar
aperture, Lith#r electzon:ally or mechan.cally, in a wpeafied duscuon,. Thie directinn

» aesignated 8s the svstem "tracking/pointing” direction The locaton of a far fiehd

AN AR g 4TI




source 15 varted about the fixed "tracking” drection i 4 predetermuned scan pattern
until the monopulse error signal goes to zero, mndicaung the energy received by the
aperture ;5 armviag from a direction comading with the systcm "tracking” directon.
The final source location causing this condition is designated as the "actual” source
iocation. Optical instrurnentation test data, obtained from sources/sensors located on
the aperture and source, Is used 10 calvulate the angular Jifference between the radar

"tracking” direction and “actual" source location This difference represents the

“systemn” BSE in the speaified 'tracking” direction This process i easily duplicated

for analysis and modeling purposes using ihe ray-trace receive propagatiui technique

The ray-trace recewe propagauon technique s apphed tw both "direci” and
"primar reflecied tays. As previously defined,  pnman reflecied” rays are rays which
expenence at most one reflecton priv. .o mteleepung the aperture plane  Both
direct and reflecied rays experience the effects of propagatior through the radome
wai, €., ampinude, phase, ang peolanizaticn distortion upon transmissic Al
“pamar reflecicd” rays experiencs aadiond distoruon upor reflecting *on. . - anper
radome rartacs A each ray-Tadome iniersesdon point, tegardiess wiach ivpe L ray
15 bemg consiwessd, a lozgihesgnar spproximator s mde Al plane f
incidence' s estabuisied . The oalh-porsr copcitic. s fequped O Lsleadong
COMPIEA T NCTISSION aNd TRERLLON LT SNt s ORI W P L T L Tlan T wth
ne es'ablishRel nia e of 1 Dlaekc THELODEG IMALNS _oTeTT L Ml (e

he racore “uot e w Jd. Ha  Clie <L T




5.2 Local Plane of Incidence

LS

The local "plane of mncidence” 1s defined 1n the following mannesr. Given a point

on a surface with normal vector 71 and an madent E-Field at that point propagating
A . ~
in direction k, the “plane of wicidence” 1s the plane containing both 72 and k. The

speaific unit vector pair chosen for E-Field decomposition is dependent o particular

analysss and modeling objectives, varying according to the propagatior echn:jiz

implemeated

The defimtions stated in Egs {109) tnru (111) anc Jepicted in Figure 14 are the

orthogonal umt vector pairs chosen to define the ‘plane of incidence” and the

o corresponding transmission and reflection unit veciors  These particular vector par .
combinations were primanly chosen for compatibility purposes. As devewoped by 5
Y
~ &
Munk [20] and later used in development ot the PMM code [11], these cefinitions
were arbitranly chosen such that the reflzetiun coefficient tor the E-Field equar 2
3%
minus one for the case when the dielecinic boundary 15 a perfect conductar Thesc
definitions and conventions are used ircoghout tne remandsr of the Jdisserauon
il
Ten
-
For the sneiden - ol
“ S de T a X 9
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X
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For the ‘ransmutted ray,

(110)

For the reflected ray,

jé
°
.
g
&
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Figure 15. Cu._ct Ray Incident E-Freld Geometry

53 Direct Ray Propagation Path

The geometry established in Figure 15 15 used 1 analyzing ihe propagation effects

along a direct ray path  For the geom.try shown, the following definiticus apply:

EP = inciden: E-Field on the element due to a direct puth

Reference E-Field representing a uns{orm plane wave.

{rh
fl

Complex umit polarization vector of raierence E-Freld.

@)
N
"

- ~
= Componant of E, responsible for proj «gation in & direcuon.

#5313
t

3
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E, = Incident E-Freld op cuier radome s rfa.

(¢4}
]

. = Transmit E-Field on e dome surtace

INpt = Inoident/_uter surface . =7 = po -

TXpt = Trarsmuinner surface --=<r o,

~
k, = Incident E-Fred propagation airecuon

-
>
]

, = Transmit E-Field propagzoon o -

d, = Propzagation path length fre= -~*¢ 2p = -+ am w 2pt
the outer racome surface.

d, = Propagation path length frowr ™ arer aucme & rface to
arbitrary aperture clemen® .oordinc *es
Given an arbitrary aperture ziement incaes  =otangular  ~dinwe L Lz
znd a reference E-Field located a disiance D o7 *h: (perta = w gl <. the

meident E-Field ED ncident vn the elemen due . opagatior aleag a Airect path

needs to be determmned. The fina =xoressior deve ~~d fom EX o comu L - wo
important analysis and medeling chzmactenstics Fust = ausy et anT LF wan
is known to adversely affect monop.ise trewwrg perf ~—.nie, ail piase uge.- 400
the direct propagation path must be a.Curat-+ it wimtGic© SECoRu. wibies STalys..
involving arbitiarily polanzed refe~nce E-F wdi. § USSTEd, wu fliiai €jataon.iS ThUST
be gen raln nature reflecting a d wendance on -eference fic 0 polar Zat awe

The following equatons summu ze the Te.wils 1 using bo ravetier e
propagation tez hmque to armive at the t-al éc e on THe Y eII0f LOTRT e

of £, responsible for propagation i direT, = A . N QEITIMINES & 1CCOTwa S

with Eq (112) and propagatec to the outer reasmc A B g T Tl e 4



E-tied B, -0 shown in Egs {113) and (114) a free-space phase delay corresponding
Aistance & 1+ ecn added to account for the propagation phase deiay. The
Juanitlf . Yie free- pace phase constant and is equivalent to 2x divided by the

frewspace wave  ogth A (K, = 2n/A,).

Defiing  E, = E,e”*%

ard € = e,-(e,"

~E =Eg

Decomovosing E, imwo parallel (£) and perpendicuiar (4) components as estabhished
by the occal plare of maidence,

- we st al opy ol a3 i gt 115
| = Ele vayay = ENC, = gry (1Y)
Propagaung parallel dnd perperdiculor components ihrough the radome and
weighting the components by planar transmissivity approairiations results @ the

express:ont given by Eq (116).




Calculating the portion of é, respumsible for propagation mn direction &, and
utihizing the definitions for the uansmit ray plane of mcidence it vectors the
foilowing relationships hold. The propagating E-Field component is seen to be

equivalent to E, as shown in Eq (119).

(119)

The transmutted E-Field E, 15 next propagated to the aperture element focation
as sum.narized in Eqs (120) thru (123) wheie the final expression for é‘c’ is as gven

by kg (123). The final expressions for both Eqs (121) and (122) are obtained by

noting th. the dot product of A, with both mcident plane unit vectors, parallel and

perpendicular, identically equals to zero.




(120)
= Eetlaama) (p (7 cal)a+ T, (2,0 al)at)

‘! &ody = {8, - (¢, R)E) o0y = &, oy - (&, <K )(£ ~ai) .
=é,. ﬁl'l

€ ﬂi = {ér - (e" * ii)ﬁl} * ﬁi =é, l'ii - (é’ * 121 )(E‘ s ) (122)
=&, ,21

EP-E e-}K.(d,<d,od,nn0,)
EP=EP&® where | (123)

& = Tyle, o)y + T, (6,08} )ul

The final E-E‘c’ expression 1 Eq (123) reflects the two mmportant characteristics

previcusly discussed, polarizatio1 ¢zpendance and accurate phase tracking. An

additional dsin®, factor not appeaning in Figure 15 is included m the total phase

delay term of the complex ﬁ‘j expression. Although this additional phase delay factor
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is not evident in previous analysic and modehng efforts, its inclusion n this
development 1s believed reasonable and justifiably correct since non-tnivial tapers 1
radome thickness are considered. When considering various techniques for
approximating complex planar transmission coefficients, i.e, PMM, Richmond’s
equations, etc., care must be taken to ensure that the phase of the calculated
transmission coefficients is accurately interpreted. In most cases the calculated phase
represents the total phase deley, often referred to as the “Insertion Phase
Delay" (IPD), of the planar phase front as measured along the surface normal

direction. Referring to Figure 16, this delay corresponds to the difference between

the phase of the normal phase front phase ¢, and the incident phase front ¢,

Given a specific set of mcident (INpt) and transmit (TXpt) points as indicated
in Figure 16 the actual IPD corresponds to the difference between the transmit phase
front ¢, and incident phase front ¢, As shown in Figure 16, ¢, car: be obtained by
adding an additional free-space phase delay corresponding to the distance x.
Eqgs (124) and (125) summarize the process for calculating ¢, where the following

defimtions are applied to the geometry established in Figure 16 =

d, = Distance as measured along the surface normal direction.
= Distance as measured along the propagation path.
Distance trom normal transmit point to TXpt.

= Ray incidence angle.




Figure 16. Additional Phase Delay Geometry

For d=|d-& And x-=dgsin6, (124)
¢t = ¢n - Kodlsmex (125)

5.4 Reflected Ray Propagation Path

For analyzing propagation effects along reflecied ray paths the geometry
estabhshed 1n Figure 17 1s used As with the direct ray propagation case, the
E-Field E‘c‘ mcident on the element due to a reflected ray path must be determined.

Accurate phase tracking and reference E-Field polarization dependance are once




agamn important characteristics to be contained 1n the final expressions. Vector
definitions/conventions for all components along the path from the reference E-Field
plane to the radome reflection point RFpt are unchanged from those used in the

direct ray propagation analysis.

Figure 17. Reflected Ray Incident E-Field Geometry

For components not previously defined the iollowing definitions are made as
lustrated in Figure 17:

EX = Incident E-Field at the element due to reflected path

E2 = Incident E-Field at the reflection pomnt due to direct path.




f_:‘,, = Reflected E-Field on inner radome surface.
RFpt = Reflected/inrer surface refiection point.

k, = Reflected E-Field propagation direction.

#, = Surface normal vector at RFpt.

Results of the direct path analysis are applied directly to Figure 17 for obtaining
ihe incident E-Field ﬁ,‘{ at RFpt. Since the aperture element location was arbitrarily
chosen for the direct path development, the direct path results are applicable for any
pomt located within the radome structure, including points not located on the
aperture plane. Reflection point RFpt satisfies this condition and Eq (123) may be

used to express EE as shown in Eq (126)

E: -E e-[K,(a',ni;»d,nnB‘)
I"fg = E,?e‘g where ’ (126)

=D _ 5 at) ot Y At ) af
& = T"(e,ou“)u,*rTL(cr'ul)uL

At the reflection point a “locally-planar” assumption is made and a "plane of
incidence" established m accordance with Figure 14 definitons. Consistent with
definitions given by Eqs (109) thru (111), Eqs (127) and (128) define the orthogonal
umt vectors used for decomposing ég at RFpt. The unit vector designations have
been changed from & to ¥ to avoid confuston between the transmission point and

reflection point plane of incidence vectors.




Using these definitions the incident E-Field ED 1s decomposed in to parallel and
perpendicular components at the inner radome surface. After decomposition each
component 1s weighted by its respective reflectwvity coefficient resulting in the

refiected E-Field E, expression as given by Eq (129).

E =E'+E' =T Ef" oy +T ER* 9,

=E,’:{ ,\ek-v,,)v,, + I‘ eR-v )v }

The reflected E-Freld E, » then propagated to the aperture element accounting
for a path length phase delay corresponding to distance d;. resulting in the final
expression for IE,’: as given Eqs (130) thru (132). The final expression for €% given
by Eq (132) is obtamed after the dot product operations indicated 1n Eq (131} are

carried out.
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R g el an)

R _ pRR
El = E]&} where

_R D\ D),
g, =Fn(eR-vf,)v;+I‘L(eR~vl)vi

5.5 Refraciive Effects

Typical ray-tracing propagation techniques neglect the effects of refraction in
propagating a wave through the radome structure. Such effects are generaily
assumed to be negligible, thereby simplifying the analysis and modeling development.
The simplified analysis and modeling procedures are unable to accurately characterize
the sccond-order effects of net ray deflection on overall boresight error [6]. The
following development summarnzes the process by which refractive effects are
anaiyzed, modeled and characterized under the research effort. Refractive effects are
incorpotated mto the propagation model at two different levels For the first level

of development refractive effects are inciuded only within the radome structure. At




this level, the transmit point (TXpt) is calculated from a given incident peint (INpt)
and incident propagation direction ﬁ, accounting for total refractive effects between
radome layers. Locally-planar approximations are enforced such that the output
propagation direction E, remains unchanged from the input propagation direction.
The second level of development accounts for "overall" refractive effects along ray

propagation paths, including a transmit propagation direction 72, which differs from

N
k, and is dependant on radome electrical properties and geometry.

Two key factors are required to accurately account for refractive effects within
the radome structure. First, refractive effects across boundaries with discontinuous
electrical and magnetic properties must be accounted for. These effects are well
established and are obtamed through Spell’s Law of Refraction. For non-conductive

materials Snell’s Law of Refraction can be expressed as given by Eq {133) [8].

R, sinB, = [j € sinb,

B, €
~ 8, =sin"'{ | Z*sing,
p':el )

In Eq (133) both the incident angle 8, and transmut angle 6, are measured relative
to the surface normal vector at the incident point. The complex permuttivity e, and
complex permeability i, characterize the electrical and magnetic properties of the two
media. Generally 8,15 a complex transmission angle which becomes purely real when
lossless media are involved. For typical radome materiale, Jielectrics with very low

loss-tangents (§, << 1), the magnitudes of ¢, and p, are used in Eq (133) for




approximating the transmission angle. Other cases involving materials with
appreciable loss may be handled by computing an "equivalent” real transmission
angle [8].

The second key factor 1s that each surface of the radome structure be accurately
defined. Surface equations and gradient components from the multi-layer radome
development of Chapter I satisfy this requirement. Each layer of the radome being
analyzed i1s umquely defined, inclizding a surface normal vector at any arbitrary point
on a specified radome surface. With each surface specified and both INpt and E,
given, Eq (133) 1s repeatedly apphed to the radome structure unul TXpt is
determined. Under locally-planar assumptions surface normal vector directions at
each surface intercepted between INpt and TXpt equal the normal vector direction

at INpt. Under these conditions the ray propagation direction remains unchanged

in passing through the radome. ie.. k= E,. Therefore, the first level of

development accounts only for refraction within the radome structure and not along
the entire propagation path.

The second level of development accounts for "overall” refracuve effects along
the propagation path Locally-planar approximations are employed only as a means
for approximating transmission and reflection properties of the radome They are not
used to approximate surface normal vector components along ray propagation paths
Rather, normal vector components are calculated at distinct ray/surface intercept
points using the multi-layer surface equations developed in Chapter HI. Therefore,
repeated application of Snell's Law of Refraction to a ray incident on the radome’s

outer surface results in 1) a transmut point (TXpt) on the mner surface which 1s
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displaced from the transnut point resulting from a ray passing straight through the

radome, and 2) a transtmit propagation direction @, which differs from the incident

PPN a
propagation direction k, k, and k, may i fact lie in separate planes.

\, —

\E,

Figure 18. Uniformly Spaced Incident Rays

The geometry of Figure 18 shows how ray refractive effects are incorporated n
ray-trace receive analysis. The reference E-Field I:Z, represents a Uniform Plane
Wave (UPW) incident from a distant source. A ray is traced from the reference
E-Feld location in direction 72, to the incident point INpt on the radome’s outer
surface. Snell’s Law of Refraction 1s repeatedly applied to the radome structure until
the transmit point TXpt is established on the mner surface. At TXpt a final
apphication of Snell’s Law determines the transmit propagation direction ’12, The ray

1s propagated from TXpt to the point where it intersects the aperture plane. This
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process is continued for each ray emanatng from the reference E-Field plane.
Because refractive effects have been included, a uniformly spaced bundle of rays
emanating from the reference plane intercept the aperture plane at non-uniformly
spaced intercept points/element locations. This requires aperture integration to be

performed on a non-uniform grid of sample points.

Figure 19. Non-Uniformly Spaced Incident Rays

Since aperture integration ts required over uniformly spaced or known element

locations, consistent with the overall system analysis and modehing approach, an

alternate propagation techrique must be established Given é, 15 a Uniform Plane

Wave (UPW), ali rays emanating from the reference plane are initially weighted by
equivalent amplitude and phase terms regardless of their imt:al location on the plane

Figure 19 represerts an equivalent method for incorporating refractive effects into
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the overall propagation model. A non-uniformly spaced bundle of rays is propagated
from the reference plane which in turn intercept the aperture plane ar uniformly
spaced points. By invoking reciprocity, these propagation paths are easily calculated
from known aperture element coordinates. The multi-layer surface equations of
Chapter Il in conjunction with Snell’s Law of Refraction facilitate the use of an
iterative Newton’s method for calculating the ray paths via ray transmission
techniques.

For calculaung INpt and TXpt by a transmit technique a specific element Incation

~ ~
and desired propagation direction k, are given. An estimate of - &, 1s determimed

and Newton’s method is used in conjunction with the in 1er radome surface equation
to calculate a candidate TXpt. The ray 1s then propagated from TXpt to INpt by
repeated application of Snell’s Law resulting in an estimate of "I;,‘ This estimate is
compared to 2, by a simple dot product operation tc determine its relative
"closeness”. If not within established limits the -’12, estimate 1s updated ang the
process is repeated. This iterative procedure is continued until the calculated
estimate of -@, satisfies established equality limits. Once equality lrnits are satisfied

the correspending INpt and TXpt points are ued for ray-trace receive calculations.




VI. Reference E-Field Development

6.1 Introduction

The Reference E-Field E, 15 a key element used in analyzing and modeling the
overall radome, radar, and monopulse processing “system". Accurate tracking of
wavefront polanzation along propagation paths s essential to analyzing and
understanding depolarization effects of various system components. Specificaily,
radome depolarization effects must be isolated from antenna element polanzation
sensitivity effects. Development of the mcident E-Ficld expressions in Chaprer V1s

mdicative of the level of effort required to mainta:n polanzation "punty”, i.e., no loss

of generality in regard to E-Field polarization statzs. Reference E-Field analysis and

modeling must account for iwo important considerations. First, location fiexibihty
must evist, Le., E, must be arbitrarily Jocated anywhere within the system’s field of
view. Var.able é, locations are required for aperture far field pattern generation and
monopulse tracking error characteiization. Second, }-3, must possess arbitrary
polanzation states. Tius requirement ailows for radome depolarization and system

polarization sensitvity etfects to be fully characterized.

6.2 Reference E-Field Location

Two separate coordaie systems are considered ir: developing expressions for an
arbitranly located reference E-Field. Apernture far-field radiation patterns and
monopulse tracking error charactenistics are generally established/characterized in a
coordinaie system relative to the aperturs scan direction. Reference E-Field

locations used for analysis and modeling must vary in accordance with this sane
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relative coordinate system. Given that an overall "system"” 1s analyzed and modeled
an absolute coordinate system s used. Therefore, final expressions for reference
E-Field location are developed such that 1) they reflect a dependance on the
aperture scan direction angles and 2) are referenced to the absolute coordinate

system being used.

X

Figure 20. Primed and Unprimed Reference E-Field Coordinate Systems

The absolute coordinate system used for developing E-Field lccation expressions
1s unchanged from previous developments and is represented as the upprnimed
rectangular coordinate system shown tn Figure 20. The radome oriencation remains
fixed with 1ts base iocated in the x-y plane and its tp on the z-axis. Prior to

gimbalhing and scanning the radar aperture 1s in the x-y plane. Given aperture scan

angles 6, and ¢, and gimbal point coordinates (0,0,z,), the primed/relative coordinate
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system shown in Figure 20 1s established. The location of E, is varied relative to the

scanned apertute with lecation angles specified by 8, and &, in the primed coordinate
system. Location vector T for E, may be expressed as shown in Eq (134) where unit
vectors X', ¥', and 2’ define the pnimed coordinate axis. These unit vectors are
converted to unprimed/absolute coordinate system components by application of the
~ rectangular coordinate rotation equations of Eq (B.1), resulting in the equations
s summarized 1n Eq (135).
Fexieyy oot

(134)
=sin(8,") cos(d, ) &' + sin(0," ) sin(¢, ) ¥ + cos(6,) &

Converting to Unprimed Coordinates

£ = (cos’,cosB, + sin?$,) £ - cosd, sind, (1 - cosh,)H - cos¢,sin6,2(135)
¥ = ~cosd, sind, (1 - cosB) £ + (sin’d, cosB, + cos?d, ) - s, sin®, £
PN % = -cos¢,sinB, % - sind,sinB, ¥ + cos@, 2

" \

Given aperture scan angles 6,/¢, and relative E-Field location angles /¢, vector
expressions of Eq (135) may be substituted directly into Eq (134) to obtain the fina}
location of E, in unprimed rectangular coordinates. The final expression obtained
reflects the desired dependance on prnimed reference field location angles and

unprimed aperture scan angles.




6.3 Reference E-Field Polanzation

For defining an arbitrary polarization stae of é, the concept of a complex unit
polarization veetor is introduced. Utilizing a complex polanization vector allows for
an unlimited number of polarizations states to be uniquely specified, including linear,
elliptical and circular. A ‘~rization ellipse 15 used to establish the various
polarization states. For the polarization ellipse shown in Figure 21 the Axial

Ratio (AR) and tilt angle 7 are used to completely describe the polarization states

of f':",, {13). For Figure 21 the following defimtions apply:

OA = Semi-major ellipse axis
OB = Semi-minor ellipse axis

r = Elhpse tilt angle, 0 < 7 <»

AR = Eliipse axal ratio, 1 < AR = OA/OB < ®©

Figure 21. Reference E-Field Polarization Elhipse
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For the following development the wave propagation direction is defined as T
where T = 6 x a) in Figure 21. The onentation and rotational behavior of E,
defines the polarization state. Given that AR and r are speafied, Eqs (136)
and (137) completely define the complex unit polarization vector . The phase
term ¢ in the final e expression determines the complex nature of ali pnssible
polarization states. For all elliptical polarization states, including the special case of
circular polarization, the rotation direction of E, is determined by sign of AR. As
viewed in the propagation direction, an AR > 0 produres teft-hand (counter-

clockwise) rotation and an AR < 0 produces right-hand (clockwise) rotation.

é=cosy b + esiny

¢ = cot! (AR) = mn-‘(l
AR

y= 1 cos” (cos2e cos2t)

d = mn'l En_gg
sin2¢

Linear polarization states are achieved by letting AR approach infinity in the limat
with 7 being used t control the relative orientation of E. Foran AR approaching
infimty the defimiions in Eq (137} can be used to show that & approaches zero

while y approaches the value of 7. Substiiuting these conditions into Eq (136) results




1 the ¢ expression of Eq (138). Tius final expression represents a time independent

A A
position vector in the 6-¢ plane with vector component magnitudes determined by

the value of 7.

é=costh +sint

ror the ray-trace receive formulation being implemented two reference E-Field
polanization variations are considered. For the first case the reference E-Field
polanization vector &, remains constant with respect to the absolute coordinate system
regardless of the reference E-Field location. This case accounts for reahstic flight
condihions where the relative polanzation of a fixed source remains unchanged for
changes 1s awrcraft clevation and azimuth. The second case allows the polarization
vector e, to vary as a function of the reference E-Field location. This case duphcates
typical test range conditions where source and observer locations are varied in a
circular arc with respect to each other.

For both polarization variations the reference E-Field polarization vector e, is
mtiaily defined in the x-y plane with a -2 propagation directicn. Under these
condiiions, the complex polarization vector definition of Eq (136) may be applied to
obtain the mitial polarization vector expression for e, as given by Eq (139) where X
and y are umt vectors in the defined absolute coordinate system. For the constant
polarization case Eq {139) represents the final €, expression used for analysis and
modehng validation. For the varying polarizatior: case, unprimed reference E-Field

coordinates and location angles 8/, (calculated in accordance with Section 6.2) are
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used 1n conjunction with the rectangular coordinate rotation expressions of Eq (B.1)
to spatially rotate polarization vector components ¢; and ¢, to obtain the final e,

reference E-Field polarization vector.

esiny £ + cosy ¥

b
"

(139)

r a r .
=e,X+e,y

103




VII. Monopulse Processing

7.1 Introduction

This chapter presents a method for analyzing monopulse boresight errors. The
development hegins by considering the E-Fields incident on each element of the
phased array and using the expressions developed in Chapter V to determine
Co-Polarized (CP) and Cross-Polarized (XP) incident field components relative to
both the reference E-Field and aperture element polanzations. Each polarization
component 15 iIndependently processed and analyzed such that radome depolarization

effects are distinguishable from antenna element polanzation sensitivity effects.

Boresight erro: estimates in two orthogonal scan planes are generated from complex

menopulse ratios. Dual plane boresight error analysis is accomplished in both

principai and diagonal scan planes.

7.2 Co[Cross-Polarized E-Field Components

Co/Crass-Polarized field components are determined relative to a reference
polarization direction. For analysis purposes two specific reference polarization
directions are considered, the reference E-Field polarization direction €, and the
aperture element polanization direction ¢,. Depolarization effects due solely to
propagation through the radome are deterrmned by €. The degree of radome
depolarization 1s obtamed by comparing ¢, with the polarization of the E-Field
incident on an array element.

The total incident E-Field ET(m) on the m™ array element 1s given by Eq (140)

below where E’(m) and E®(m) are the incident E-Fields calculated in Chaprer V for
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"Direct" and "Reflected" ray paths, respectively. Summation of the n reflected E-Freld

terms accounts for multiple primary reflected ray paths for the m™ element.

ET(m) = E2(m) + }R: E}m.j)
J=1

(149)
= ET(m) é"(m)
ET(m) = E"(m) {¢T(m) + ¢, + €7(m) + ,}
n )
= {E‘j’(m) o, + Y EN(m,) .é,}é,
ak (141)

N

- {E',”(m)-ri, + 3 Ef(m,j)-ﬁ,} )
=1

= EL(m)é, + Egp(m)

Given ¢, and propagation direction @,, an orthogonal polarization vector 3, may
be defined as 7;, = i’, x ¢, Unit vectors ¢.and i;,are used to decompose the total
mcident E-Field of Eq (140) into CP and XP components by a simple dot product
operation. The incident E-Field is decomposed into crthogonal components as shown
in Eq (141). Radome depolanzation will manifest itself by introducing an XP
response as indicated.

The pnimary goal 1s to characterize radome depolarization effects on the overall
system, specifically the effects on boresight erroi. For this development the element

polarization direction &, 1s the primary vector used for CP/XP field decomposition
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where 1t 1s assumed that ¢, represents the polarization of a “typical" array element,
negiecting any polanzation differences due to the element’s location within the array.
Typical planar array elements include dipoles, open ended waveguides, slotted
waveguides, and horns [1). For planar arrays constructed with these elements the
orthogonal polarization vector i , is defined as %, = A, x ¢, where i, is the
aperture piane (ie., plane containing array elements) surface normal vector.
Aperture polarization vectors ¢, and h A are used to decompose the incident E-Freld

expression of Eq (140) into CP and XP components as shown below.

ET(m) = ET(m){¢T(m) + ¢, + &T(m) + K}
= {Ef(m)-éA +3 Ef(m,;)-eA}éA
. (142)
+ {E‘"’(m)-ﬁA + E Ef(m,;)u}iﬁ}ﬁA
J=1

= Ep(m)é, + Egp(m) A,

7.3 Element Voltages

By decomposing the mcident E-Field into the CP and XP components identified
m Eq (142) element polanization effects may be accounted for in determining
eiement voltage responses. Figure 22 represents the basic element model used for

deriving voltage expressions for the m™ array element.




E T(m)

A
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Figure 22. Aperture Element Model

The A, and &,, terms 1n Figure 22 represent the amplitude and phase weights
used for controlling the shape and main beam pointing direction. Assuming mutuat
couphing effects are identical for all elements, regardless of their location within the
array, the CP elemen: pattera f<7(6,d), XP element pattern £7(6,$), and element
polarization directions € A/i; » ate identical. This 1s a reasonable assumption for
analyzing densely populated arrays which utilized amplitude tapers for pattern
control. Array elements near the aperture edges exhibit atypical mutual coupling
effects which are offset by amplitude weights which are significantly less than
elements located near the center. Independent CP and XP element patterns allow
for varying polarization responses to be analyzed depending on the specific element

being used. for a typical element as shown in Figure 22 the total voltage response
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V, can be expressed as shown n Eq (143) where El,(m) and EJ,(m) are as given

in Eq (142).

Vo = A @™ {£70,0) EG(m) + £7(8,6) Efp(m) }

= Vep(m) + Vip(m)

7.4 Monopulse Error Signal

Monopulse sum and difference voltages are derived by applying the orinciple of
superposition. The aperture’s far-field radiation patterns are obtained by coherently
combining the individual element responses as given by Eq (143). As identified in
Section 2.3, a "simple" method for obtaining monopulse operation 1s implemented as
shown in Figure 5 {1]. The system depicted in Figure S 1s for single plane monopulse
processing, 1.e., target/source location estimated with regard to a single scan plane.
For this system the monopulse sum voltage V ,, may be expressed as given in
Eq (144) where the sum voltage is calculated by directly summing the individual
element responses from all elements within the array. The monopulse difference
voltage Vpg is obtained by dividing the aperture into two symmetrical half-planes for
which the element responses withun each half-plane are summed. The half-plane sum
voltages are then phase weighted and summed such that a 180" phase change occurs
in Ve upon crossing from one half-plane to the other. Half-plane locations are
arbitrary provided elements are symmetnically located on either side of the dividing

line.




1
Vsou = E‘ (ch(m) + pr(m))

(144)

I
= Y [An €™ 170, ESpm) + £170,8) Egp(m) } ]
mel

A dual plane/four quadrant monopulse system is used for analysis and modeling
purposes. Typical systems employ monopuise operation n two orthogonal planes,
i.e., azimuth and elevation or equivaiently, yaw and pitch. For these systems the
aperture 15 divided into symmetrical quadrants and a monopulse difference voltage
Vpe is generated for each "plane” of monopulse operation. Element voltages within
each aperture quadrant are summed to produce quadrant sum voltages. Quadrant
sums are then combined to produce a single monopulse sum voltage and two
independent difference voltages, one for each monopulse plane of operation. Sum
and difference voltage expressions for analysis and modeling are derived by assuming
the aperture 15 imtially located in the x-y plane. As shown in Figure 23 the aperture
1s divided nto four symmetrical quadrants A, B, , and D. Element voltages of the
form given by Eq (143) are summed within each quadrant to produce element
quadrant voltages V,, Vg, Vi, and V. For element coordinates gwen by
[x(m),y(m),0] the resulung quadrant voltages may be expressed as given by Eq (145)

From the quadrant voltages of Eq (145) monopulse sum and difference voltages
may be expressed as given by Eq (146) where the x-z and y-z planes correspond to
the azimuth (AZ) and elevation (EL) planes, respectively. The 180" difference

pattern phase shift required across the aperture 1s determined by the phase
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Figure 23. Four Quadrant Monopulse Geometry

72D {Vcr(m) + pr(m)} for x(m)<0

Vy= Y {Voplm) + Vyplm)}  for x(m)>0

Ve = E {ch(m) + pr(m)} for x[(m)<0

Vs = Z {Vcr(m) + Vx,,(m)} for x(m)>0

and y(m)>0

and y(m)>0

and y(m) <0

and y(m) <0




Veuu =¥yt Vat Vet V)
Vi < (U, = V)&l + (Vg + Vp)esP (146)

Vor = (VA + Vx)e’“ + (Vc + Vo)e""

terms ¢ and 8. The vaiues of a and g selected determine the "nominal" value of the
relative phase difference between Vg, and Vg The "nominal” phase difference
value represents an ideal system and 1 typically either 0° or 90°. The nomunal
relative phase difference 1s achieved under ideal conditions with planc wave
illumination and no noise, clutter, or other multi-path effects present. Since it is
generally irapossible to predict specfic deviations of the relative pkase from its
nominal value, radars are typically designed for one of the two nominal relative
values [1}. For this development a nominal relative phase vaiue of 0 is established
by setting a = 8 = /2.

For generating the monopulse boresight error signal E, (y.v) from the complex
monopulse voltage ratio Vi, /Vg,y, an "exact’ monopulse processor is implemented.
An "exact" moncpulse processor 1s arbitranily defined as a processor capatle of
producing the real part of the complex Vpg /Vey ratio perfectly for each angle
coordinate. For » nominal relative phase value of §° the usual practice is to process
only the real part of the complex ratio "The rationale 15 that the target contributes
only to the real part while noise, interference, and clutter contnibute equaliy to the
real and smagimary parts" [1].  The “exact' monopulse processor boresight

errcr E, (y,v) may be expressed as gven by Eq (147) where the etror 35 defined over
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the angular range of y at a frequency of v. The monopulse sensitivity K is

determined by the slope of the normalized difference pattern and has units of

(viv)/Rad [2}.
V..V, o1 Vo)
E ,)=Re[ ol TsuM | g1 oEL] oo - (Radians)
w0 K ] I"suu‘co;(%' #) “ (147)

where &, = Phase of V,;, and &; = Phase of Vy,,

The expression n Eq (147) is referred to as an "error signal" because it
represents the angular off-set of a source/target relative to the monopulse boresight
axis. Under 1deal corditions a far-field source located on the monopuise boresight
axis produces a difference pattern voitage of zero and a maximum sum pattern
voltage, resulting in E,(y.v) going to zero. A source/target not located on boresight
produces a bipolar error signal with magnitude indicating the amount and sign

indicating the direction of error.

7.5 System Boresigint Error

The monapulse boresight error E, (y,v) 1s used to establish and characterize the
boresight error for the overall rademe, radar, and monopulse pracessing "system”.
In this context, "system” boresight error (BSE) is defined as the angle indicated by
Eq (147) when the aperturs has no pownting error, 1.e., the aperture scan direction

equals the source locatton  This 15 equivalent to fixing the aperture scan direction




while repositioning the source until Eq (147) equals zero. The angular difference
between the scan direction and source location is the system BSE. As defined, the
system BSE is the key metnic used 1a charactenizing monopulse tracking errors in the
presence of radome depclarization and phase frent distortion. For a given aperture
scan direction the system BSE may be expressed as in Eq (148) where 7, 15 a unit
vector in the aperture scan direction and umt vector 1, represents the direction of

the source location such that E_(y,v) = 0. Hence, one has

= -1
055 = cos (

s "mp)




VIII. Analysis and Modeling Validation

8.1 Introduction

This chapter presents the procedures for validating results of Chapters Il

thru VII. An overview of the Fortran computer model is presented to summanze

approximately 10,000 lnes of computer code written to support the validation
process. A model flow diagram, input parameters, and output data format are
presented.

Modeled results are vahdated using himiting case data, published empincal and
expenimental data, and preduction "system” boresight error (BSE) acceptance test
data. Limiting cases (zero BSE) considered include: air radomes, hemispheric
radomes (over hmited scan ranges), and radome boresight scanning. Published
empincai and experimental data for a hemispheric radome with a displaced aperture
1s considered for nitial model validation with measured BSE data. Measured BSE
data from multipie production "system" acceptance tests is then used for final model
vahdation. The validated production "system" model is used to charactenze overail
refractive effects on BSE prediction. Effects of refraction are characterized in both

principal and diagonal scan planes.

8.2 Model Development

This szction provides an overview of the model developed for vahdating analysis
results obtained mn Chapters Il thre VII. Detalled coding procedures are not
presented, rather basic model control and functional flow are considered. The

developed mudel predicts the entire “front-to-back” performance of the overall




"system". Program contro! and flow 1s dictated by the key "system” component
parameters identified in previous chapters. The model was developed on the
VAX 8650 processing system and js comprised of onc main program and
approximately 40 subroutines, all written in a standard Fortran computer language.
With the exception of two IMSL math/library subroutines used for solving reflection
point equations of Chapter IV, the model 1s self-supporting.

Figure 24 is a tunctional flow diagram for the overall model. Model input data
is pravided 1n three separate data files, one data file per "system" component. The
RADOME.IN data file provides ogive reference surface parameters and radome
layer electrical parameters. In conjunction with a taper function subroutine, this data
file completeiy describes the radome structure. The RADAR.IN data file provides
control variables required to completely establish aperture and monopulse processing
charactensiics. Parameters controlled by the RADAR.IN data file
include: mechanical/electrical scanming, element field pattern and polarization,
element location, aperture amphtude taper, gimbal arm length and pivot point

location, azimuth/elevation monopulse plane, and co/cross-polarized system Boresight

Error (BSE) calculation. Operation of the overall "system™ is controlled by variables

contained in the SYSTEM.IN data file. This data file controls propagation
charactenstics and aperture scan angles. Propagation characteristics are controlied
such that the model generates output data with or without a radome present, with or
without reflection points included, and with or without overall refractive effects.
Aperture scan angle control vanables allow for three aperture scan patterns to be

implemented, including: 1) a “diagonal” scan through the ongm i an arbitrary
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Figure 24. Model Flow Diagram
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¢, = constant plane, 2) an "azimuth” scan where 9, and ¢, are varied to produce a

constant elevation angle, and 3) an "elevation” scan where 6, and ¢, are vaned to
produce a constant azimuth angle. The reference E-Field is also established and
characterized by variables and parameters contained in the SYSTEM.IN data file.
Reference E-Field location, axial ratio, tilt, magnitude, phase, and frequency are all
determined m accordance with specified input data.

The flow diagram of Figure 24 indicates the final outpnt of the model is BSE
data. As defined in Chapter V11, system BSE is the key metric for characterizing the
monopulse tracking error of the "system”. An output BSE estimate/prediction is
provided for each combrnation of 8, and ¢, generated by the model. Aperture scan
angles 6, and ¢, are varied within the model according 1o the flow diagrum Upon
completing all 8,/$, combinations, as dictated by the input data, a table cf scan angles
and corresponding BSE estimates is output.

User selectable ntermediate outputs are available from the model at various
ponts along the processing path. These outputs allow for "system” component
respenses to be independently analyzed and are identified as the A*, B*, and C*
points in Figure 24. At A* co/cross-polarized incident E-Field components are
available. This output contains phase front distortion and depolanization effects due
soiely to propagation through the radome. The level of radome depolarization may
be ascertained by comparing the mcident E-Fields at thus point with an established
polarizaiton reference. Voitage outputs at B* arz used primarily for characterizing

the "system’s” far-field radiation patterns and monopulse trzcking sensitivity. Radar
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performance (half-power beamwidth, first sideiobe level, etc.) is characterized at this

point by generating model results with no radome present. The final intermediate

output point C* allows for the monopulse error signal E,(v,v) to be analyzed under

varying conditions presented by the radome and radar. This output corresponds to
the monopulse "S-curve” used for pointing error corrections in monopulse tracking
systems.

A series of comparative analysis data 15 presented to characterize and validate the
model’s performance. Limiting cases for which BSE = 0° are first considered as
2 means for establishing bounds on numerical processing and modeling errors.
Empircally derived and published expetimental results are used for limiting case data
validations. Fnally, measured BSE data from a radome production facility is used
to complete the validation process. Refraction effects for specified radome structures

are also investigated.

8.3 Limiting Case Vahdation

The "system" analysis results and computer model predictions are first validated
by comparnison with limiting case data, 1 e, special test cases for which system BSE
1s known to be zero. Three specific such cases were considered under the 1esearch
effort. Fust, an arbitranly thick single layer radome with both the relative
permittuvity €, and relative permeability 2, set to umty will result 1n a system BSE of
zero. This condition effectively places an "a” radome into the propagation pa.h
while introducing ro depolanization or phase front distortion effects. The second

limting case considered s a hemitspheric radome. Regardless of the number of




radome layers, layer thicknesses, and layer electrical properties, a "hemispheric
radome will have zero boresight error if the receiving aperture is located at the
sphere center” [6).  Regardless of where the aperture is scanned within the
hemisphere, the symmetrically distorted phase front incident on the aperture

produces zero BSE. This is also true for arbitrarily shaped radomes when the

aperture is "looking"/scanned through the radome’s boresight axis (tip) if the radome

is circularly symmetric which 1s the case for all cases considered m this effort. All
himating case BSE data is generated using a mechanically scanned 32-element

S-wavelength diameter aperture with dimensions as shown below.

Figure 25. 32-Element Quadrant Syrimetric Aperture




The aperture in Figure 25 is quadrant symmetric with uniform amphtude weights
applied to the eiements. This particular 2perture configuration is of interest because
1) limiting case BSE conditions are independent of aperture and monopulse
processing charactenistics and 2) experimental data for this configuration is available.
Radar parameters were input into the model and the model run for the case with no
radome present. The normalized sum and difference patterns of Figares 26 and 27

were returned from the model. Data plotted in Figure 26 reveals a Half-Power

Beamwidth (HPBW) of approximately .2027 Rads and a First Sidelobe-Level (FSLL)

of approximately -15.0 dB for both the co-polarized and cross-polarized field pattern
responses. The cross-polarized response 1s obtained by setting the reference E-Field
polarization orthogonal to the element polarization without changing the reference
E-Field scan plane. The decreased cross-polarized response at higher scan angles
results from polanization mismatch conditions. The HPBW and FSLLs generated by
the model compare very well with experimental and empirical data. From Figure 25
it is observed that the 3Z-element aperture 1s neither truly rectangular nor truly
crcular. A S-wavelength rectangular aperture with uniform amphtude illumination
will exhibit a HPBW and FSLL on the order of .1766 Rads and -13.26 dB,
respectively. An equivalent circular aperture has a HPBW and FSLL on the order
of .2038 Rads and -17.6 dB, respectively [15]. The .2027 Rad HPBW and -15 dB
FSLL obtaned trom the model fall well within these limits and are acceptable for

validating the model for cases with a radome present.
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Figure 26. Co/Cross-Polarized Normalized Sum Patterns

The normalized difference pattern plotted in Figure 27 characterizes the
sensitivity of the monopulse system and represents both the co-polarized and cross-
polarized responses which are identical for the case considered The monopuise
sensiuvity K of the system 1s defined as the slope of the normahzed difference pattern

near boresight, ie., at an azimuth angle of zero. From the data used to plot

Figure 27 a value of K = .1158 (v/v)/Deg was obtained. This compares very

favorably with a pubhshed sensitivity value of K = .11 (v/v)/Deg [2]. With radar far-
field patterns and monopulse sensitivity accurately characterized, mode! validation

using hmiting case BSE conditions 1s next considered.
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Figure 27. 32-Element Aperture Normalized Difference Pattern

8.3.1 Air Radomes. Various combinations of air radome parameters were mput
into the model using the 32-element radar and monopulse processing previously
validated. Figures 28 and 29 represent rypical BSE data returned from the model.
Figure 28 represents data obtamed for the "TE" polarization case using a constant
thickness radome with three different fineness ratios. Figure 29 is equivalent data for
the "TM" polarization case. The "TE" and "TM" polarization designations aie
determined by the orientation of the element polarization vector , and reference

E-Field polarization vector ¢, relative to the aperture scan plane. The designation

"TE" 1s used when both &, and &, are perpendicular to the aperture scan plane.
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Likewise, the "TM" designation is used when both e, and e, are paraliel to the

aperture scan plane (this convention is used throughout the remamder of the

dissertation).

-~——— = 2.0 Fineness Ratio
- = 25 Fineness Ratio

— = 3.0 Fineness Ratio

BSE (mRads)

Scan Angle (Degs)

Figure 28. Limiting Case BSE, Air Radome TE Polarization

For the six cases shown n Figures 28 and 29 the predicted BSE is less
than .014 mRads over the 30 degree scan range when compared to a theoretical
value of zero degrees. Approximately twelve additional test cases were run for
varying radome structures, including multi-iayer tapered designs with as many as four
layers. For aui cases considered the predicted BSE never exceeded the .014 mRad.

The .014 mRad sumencal/modeling error 1s approximately two orders of magnitude
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below expected measured BSE values. Typical radome BSE maximum values fall in

the range of 2 to 8 mRads. Hence, the .014 mRad medeling error is within

acceptable limits.
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Figure 29. Limiting Case BSE, Air Radome TM Polarization

8.3 2 Hemisphenc Radomes. A hemspheric radome induces symmetrical phase
front distortions on an ncident plane wave and as noted previously, a receiving

aperture located at the sphere center will indicate zero BSE. Figures 30 and 31

represent BSE data satisfying this condition. The data presented 1s for a specific

radome design of a half-wave constant thickness hemispheric radome smootkly

terminated 1n a cylindrical section.
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Figure 30. Limiting Case, Hemispheric Radome TE Polarization

The data was generated using ogwe refersace parameters of R = 3.4,

W = 6.8, and a dielecric constant of ¢, = 53. For both the TE and T™M

polarization cases, a curve showing overall refractive effects is also included. As

shown, ref.active effects do influence system BSE but do not significantly impact BSE
magnitude. Equivalent BSE results were obtained for both single fayer and multi-
layer hemisphenc radomes with dielectric constants varying between 4.8 and 9 3. For
all hemispheric test cases considered, the imiting case BSE magnitude was less than
.06 mRads for ali scan angles. The erratic behavior/fluctuation in BSE estimates

beyond a 10° scan angle 15 attributable to an interaction between radar sidelobes and




the cylinder section termination. Although these effects tend to increase the average

limiting case BSE, the .06 mRad upper Limit BSE estimate 1s acceptable for all

practical purposes.
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Figure 3i. Limiting Case, Hemispheric Radome TM Polarization

8.3.3 Radome Boresight Scanning. Circularly symmetric radome structures induce

symmetnical phase front distortions on incident plane waves upon propagating
through the radome along the boresight axis, i.e., through the tip. This miting case
condiion parallels the preceding hemispheric radome case ana occurs regardless of
the actual radome design, 1.€., 15 independent of the number of radome layers and

electrical properties. Radome designs used for generating data in Figures 28 and 29
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were used to establish a worst case BSE error estimate for an azimuth scan angle
of 0°. Multi-layer and single layer radome designs with fineness ratios in the range
of 210 3 were considered. Radome design frequency, number of layers, and
electrical properties were varied for both the TE and TM polarization cases. Given
a specific number of radome layers, cosresponding taper functions {including constant
thickness), and a specified fineness ratio, the system BSE at 0° remained virtually
constant for all variations of radome electrical properties, E-Field polanzations, and
refractive effect combinations. The maximum limiting case BSE ootained was

primarily dependent on radome geometrical properties and varied between .01

and .02 mRads for all test cases considered. As with previous limiting case BSE

bounds, this error limit is acceptable and finalizes the aaalysis and modeling

validation under limiting case conditions.

8.4 Hemispheric Radome Validation: Displaced Aperture

Iniiial validation of analysis and modeling results with experimentally measured
data is accomphshed using a "system" comprnised of the 32-clement quadrant
symmetric aperture and the uniform half-wave herspheric radome of Section 8.3.2
with R = 3.4%, W =684, and ¢, = 5.3. The aperture center of rotation/pwot
pomnt is displaced one wavelength behind the radome cenier of carvature,
intentionally introducing a small measurabie amount of sysiem BSE. Model resuits
are validated by comparnison with published experimenta! and predicted BSE data.
The data plotted 1n Figures 32 and 33 represents mcasured () and numerically

predicted (o) results for 'system” BSE {2).
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The dashed Iine represents model results and clearly indicates a good first-order
approximation to plotted curves. Because of restrictions placed on the reflected
E-Field contributions during modei development, 1.e., reflected E-Field equations of
Chapter IV are valid only for radomes with fineness ratios greater than two, the first-
order approximation of the model does not possess the higher-order variations
present on the measured and numerically predicted data (by definition all
hemusphernic radomes have a fineness ratio of one). Numerically predicted estimates
of the pubiished data were obtamed via a computationally intense surface integration
rechmque. Current mode results, obtained from a geometric optics technique which
ranks much Jower in computaticnal intensity, compares very well with the surface
integration results In fact, data presented in Figures 32 and 33 indicates the current
technique provides a supernior estimate of first-order BSE characteristics (considerning
the average slope of the data presented).

Consistent with previous madeling efforts, the correlation between measured and
predicted data is better for the TM polanization case than 1t is for the TE
polarization case. These differences are generally “associated with the ,lanar siab
approximation for TE and TM modes in the hghly curved radome tip
region” {2, 21). Locally planar approximations are less vahd 1n this region resulting
n poorer transmission coefficient estimaies. Although there 1s no “highiy” curved tip
region for the hemispheric rademe under consideration, the radius of curvature in the
perpendicular (TE) plane of incidence is smaller than the radius of curvature in the
parallel (TM) plane of incidence for a given azimuth scan angle. Considering the

terminated hemisphere geometry and displaced aperture iccauen, the radws of




curvature decreases for TE polanization and increases for TM polanzation as the
azimuth scan angle is increased  This condition accounts for poorer BSE correlation

at higher scan angles for the TE polarization test case.

8.5 Production System Validation

85.1 Introduction. A production radome. radar, and monopulse processing
"system" is considered for final analysis and modeling vahdation. The production
"system" 15 used for model validation for several reasons. First, measured electrical
and mechanical data 1s available on each component of the "system". Given
measured component data, intermediate model outpuis may be used to validate

individual component responses prior to validating the overal! model response.

Second, acceptance test/quality control data from several production units is available.

Vahdated analysis and modeling results are obtained by comparison with average
data from muitiple test cases, elimnating the possibility of validating aganst an
isolated” test case which "happens” to match model results. Third, acceptance test
results on production umts are well dociunented and accomplished under tightly
controlied test condiions. Therefore, model mputs may be established such that
modeled conditions accurately match conditions used in taking measured data.
Lastly, measured system BSE data 1s available on the overall integrated "system”. A
final acceptance tcst accomplshed by radome production facilities involves
charactenizing the system's far-field radiation patterns and BSE response. A

complete radome. radzr, and monopulse processing system 15 utihzed for these iests.




Final analysis and modeling validation is accomplished by comparing model results
with the final system BSE measurements.

The following sections describe the validation process used. As with previous
validation cases, the radar aperture and monopulse processing portions of the model
are completely characterized and validated prior to including a radome in the system.
All component specifications and measured data used in the following validation
process were provided by a radome production facility. The "system" used is
comprised of a mechamcally scanned 1368-clement aperture corporately fed to

produce dual-plane monopulse processing and a single layer tapered radome.

8.5.2 Modeled Radar Aperture. A mechanically scanned 1368-element planar
array 1s used for validating the radar and monopulse processing poruon of the model.
The aperture is approxumately 28-wavelengths in diameter with array elements
oriented 1n 2 triangular lattice grid pattern. The elements are slotted waveguides
possessing neghgible cross-polarized responses. A corporate RF feed structure is
used tu simultaneously produce a single sum pattern output and inde pendent azimuth
(x-z plane) and elevation (y-z plane) difference pattern outputs. The measured (=)

data plotied in Figure 34 represents the normahized rudal amphitnde taper apphed

across the aperture. By comparing the raised cosine and cosine” amphitude tapers

with the measured taper, it is evident that the measured taper approximately equals
the cosine taper for radial distances less than one-third. Beyond this point, the

measured taper 1s approximateiy the average value of the cosine and cosine® tapers




These conditions define the amplitude taper used for model validation and are
summarized by Eq (149) where x 1s the normahzed radial distance from the aperture

center [22].  Equation (149) 1s plotted m Figure 35 for companson with the

measured taper using a pedestal height of h = .185 . Taper values calculated in
accordance with Eq (149) closely approximate the measured taper and are acceptable

for modeling purposes.
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Figure 34. Amplitude Taper, Measured vs. Cosine/Cosine?
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Figure 35. Amplitude Taper, Measured vs. Calculated

The modeled amplitude taper of Eq (149) is used ir: conjunction with given array

element locations to charactenze and valdate the radar far-field pattern

charactenstics and monopulse processing sensitivity. Figures 36 and 37 show the
co-polarized normahized sum and difference pattern responses of the modeled radar
system. A HPBW of 2.488° and FSLL of -30.07 dB were calculated from model
results of Figure 36. These radiation parameters compare extremely well with
specified/measured HPBW and FSLL values of 2.5° and -30 dB, respectively,

validating the modeled radar geometry and amplitude taper function.
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Figure 36. Production System, Normalized Sum Pattern
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Figure 37. Production System, Normahzed Difference Pattern
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The co-polarized normalized difference pattern of Figure 37 1s used to
characterize the radar system’s monopulse sensitivity. From the slope of the
normalized difference pattern at an azuauth angle of 0°, a calculated monopulse
sensitivity of K = 31.0 (v/)/Rad is obtained. This model value identically matches
the measured sensitivity value provided by the radome production faciity. The near
perfect pattern characteristics and monopulse sensitivity value clearly validate the

model’s radar response for the production system.
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Figure 38. Production Aperture, Uniform/Radial Taper Comparisor

The modeled production system radar 1s used to validate the model response for
various amphitude tapers Far-field patterns vsing the 1368-element 28-wavelength

diameter aperture were gencrated for various amphtude tapers provided by the




model. Specifically, umform and radial {approximate cosine) amplitude tapers were
characterized. Figure 38 is a plot of calculated sum patterns comparng a umform
amplitude taper response with three different radial tapers. Table 1 provides
comparison data for calculated HPBW and FSLL values from data of Figure 38 and
published theoretical daia for circular apertures [17]. Calculated HPBW and FSLL
values compare very well with corresponding theoretical values, validating model

results for the tapers considered.

Table 1. Taper Comparison, Calculated/Theoretical HPBWs and FSLLs

TAPER Uniform Radial Radia! 2 Radial 3

HPBW (Dsg) 2.03/202 244/252 2.75/2.91 3.15/3.34
FSLL (-dB) 17.563/17.60 2419/2450  30.48/30.50 35.95/35.80

( Calculated / Theoretical )

85.3 Modeled Production Radome The production radome considered for
validation purposes 15 a single layer tapered radome. The specific design selected
satisfies the circularly symmetric requirement and falls within the moderate-to-large

sized class of radomes (exceeds the S to 10-wavelength dimensional requirement)
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The radome is produced on an inner contour mandrel by building up a layer of
dielectric matenal exceeding the desired Outer Mold Line (OML) thickness
specifications. Once properly cured, the radome OML s ground to specifications
such that the desired radome taper is achieved. Radome production specifications
and acceptance test data packages were obtained on three identical radome umts
from an uniaentified production facility. Acceptance test data packages for the three
radomes were randomly selected from approximately 40 available production units.
Measured "system" BSE data used in the following validation process 1s "average”
data, representing averaged BSE values from the three selected production units.
The first step n validating model results with the production radome was te
determine/define the reference ogive surface parameters K and W. Mandrel data
supphed with the radome specifications was plotted and compared with several ogive
surfaces generated by varying ogive parameters R and W. Comparisons revealed that
the production radome inner surface could be very closely fitted to a truncated
tangent ogive surface, i.e., a non-tangent ogive surface generated by displacing the
tangent ogive base plane toward the ogive tip. By using a tangent ogive reference
surface with a compensated aperture gimbal pont location. an accurate inner radome
surface equation was generated using values of R = 234.4724 and W = 36.1364,

resulting 1n an overall radome length of L = 90.26A The specified aperture gimbal

pomnt location of z, = 15.9334 was re-established as z, = 28.991A for the modeled

radome. The specified gimbal arm length of 3.9831 remained unchanged for

modeling purposes.




The OML grind specifications were used in conjunction with established ogive

reference surface parameters to determinc the layer taper function t(8). A list of
radome station locations (distances from the radome tip) and corresponding grind
thicknesses were provided with the radome producticn data. The thicknesses
provided were determined on the onginal radome development effort by empirical
metheds using countless "build and test” iterations. As such, no analytical procedures
were applied to determinc,/establish a "function” to accurately describe the radome
taper. Since the grind thicknesses were measured along the surface normal direction
at given radome station locations, the procedure developed m Section 3.4.2 for
generating “ideal" taper functions, Eqs (50) thru (55), was applied to convert normal
thickness grind specifications into corresponding taper function values. Specifically,
grind thickness values were used in place of the d, values calculated by Eq (52).
The normalized taper function profile obtained from the procedure using the
grind specitications 15 provided in Figure 39 as "actual” raper values. The lack of
"smoothness” at scan angles around 5° 1 attributable to constant normal thickness
grind specifications n the radome tip region  The actual rademe taper as a function
of surface pormal direction begins ai about 9.5 from the radome tip. The "tdeal"
Gaussiar taper function of Eq (56), as established using identical ogive surface
parameters and dielectric constant for a half-wave wall design, 1s also plotted in
Figure 39. The shape of the two curves 1s nearly identical with a difference of less
than .05 in normalized taper value over the 30° scan range. In fact, a shift n scan
angles of approximately 5* for either of the two curves results in a near perfect

match. Given that the oniginal radome taper design was empirically “tuned” for
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optimum transmission and BSE performance, the near perfect fit of "actual” and
"ideal" curves in Figure 39 represents an important siep in validating the "ideal" taper

function concept developed i Section 3.4.2.
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Figure 39. Production Radome, Actual vs. "Ideal" Taper

8.5.4 Fmal BSE Vahdanon. The actual and "ideal” taper functions are both used
mn the final BSE validation procedure  Acceptance test BSE data was provided at
two distinct test frequencies. The measured (+) data points in Figures 40 and 41
represent averaged BSE values at frequencies of Fyy and Fy, respectively. These
frequencies represent the radome design frequency (Fp) and the upper edge himit of

an 8.5% bandwidth (Fy). The data was obtained using linearly polanzed array




elements (¢, = X) and a vaniably polarized reference E-Field (¢, = X). A nominal

dielectric constant value of ¢, = 4.8 with a loss-tangent of .014 was assumed for the
tapered layer. The aperture was scanned in the monopulse zzimuth plane (x-z plane)
and corresponding in-plane BSE estimates were computed. The solid and dashed
curves represent mode!l results using the actual and “ideal" tapers, respectively.
Modeled production "system” resuits required approximately 20 minutes of computer
processing time to calculate and outpit 31 discrete scan angle and BSE estimates,
approximately 40 seconds pet 6/, combination. This equates to a processing time
of approximately 30 mSec/element/scan angle for the 1368-element aperture being
modeled. Considering the goal to limit computational intensity, ths is an acceptable
processing rate for developmental system design efforts.

Compazrison of measured BSE data with modeled results using the actual taper
reveals a BSE prediction erior of approximately .5 mRads or less for both
frequencies considered, extremely good prediction results considering the geometric
optics propagation technique being implemented. For a moderate decrease in the
nonunal dielectric constant value (approximately %) a near perfect match betweer
actual taper and measu.ed BSE data could be achieved. Radome production
tolerances and vanations in dielectric matenal electricai properties could easily
account for a .5 mRad prediction error. Given that these results were obtatned for
1) an arbitranily selected radome design satisfying dimensional and symmetry
requirements, 2 multiple randomly selected production radome units, and 33 muluple
frequency BSE measurements, they clearly validate the overall analysis and medeling

approach developed .n Chapters 11 thru VII for the production "system” considered.
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Figure 41. Production Radome BSE Comparisor at Fy,
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"Ideal” taper model results plotted i Figures 40 and 41 compare favorably with
actual taper and measured BSE data. At F, "ideal" BSE predictions are consistently
lower than actual «aper results. Assuming predicted BSE results are coisistently
higher than measured BSE values, as indicated in Figure 40 by comparison of actual
taper and measured BSE values, the lower "ideal" BSE predictions suggest that
mplementation of the “ideal" taper function in an actual radome structure may
improve measured BSE performance. Data presented in Figures 39 thru 41 relating
actual taper and "ideal” taper characteristics strongly suggest that the “ideal” taper
function development process produces a candidate taper function which 1) closely
approxmmates empirically "tuned" tapers, potentially resulting in fewer "build-and-test”
iterations during radome design/development, and 2) vields modeled BSE predictions

which are consistent with both measured and empirically tuned results.

8.6 Refractive Effects on BSE Prediciion

Refractive propagation effects on BSE prediction are characterized using the
validated production "system" model. Refractive effects are incorporated into the
model 1n accordance with procedures developed in Section 5.5 and are characterized
m both principal and diagonal scan planes at several test frequencies.

The azimuth monopulse processing plane (x-z plane) is used for principal scan

plane characterization. Figures 42 and 43 are modeled results obtained for

frequencies of Fy, and Fy, respectively. A marginal reduction in predicted BSE is

indicated over the 30° scan range, corresponding to a marginal improvement in BSE

predictior when compared with data in Figures 40 and 41.
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Figure 43. Principal Plane Refractive Effects at Fy,
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The marginal improvement in BSE prediction is achieved at the expense of
computational efficiency. Additional convergence requirements and overhead
calculations are required when overall refractive effects are included in model
calculations. Refractive effect calculations ncrease computer processing time by
approximately 80%, from 20 to 36 minutes for 31 discrete data point calculations.
A severe processing penalty is incurred if second-order refractive effects are included
n BSE calculations when considering the marginal "improvement” in predicted BSE
values.

Diagonal scan plare charactenization 1s included for completeness. Field pattern
anomalies in the diagonal scan plane gererally result in poorer measured "system”
BSE performance for given "system" designs. Cross-polarized field components and
asymmetrical phase front distortions are introduced along diagonal scan planes,
producing "system" BSE 1n both the azimuth and elevation monopulse processing
planes. Data presented in Figures 44 thru 46 represents modeled BSE results for a
diagonally scanned aperture and is “typical” of data obtained for both monopulse
processing planes. The aperture was scanned from the ongin n a constant
¢, = n/4 Rad scan plane. Data presented 1s for three distinct frequencies
representing the design frequency F and lower/upper band edges of a 6.5%
bandwidth, F; and F}; respectively. The figures clearly indicated marginal difference
between refractive and non-refractive test cases. As with the production “system”
refractive results, a marginal improvement in BSE predicticn 1s obtained for a

substantiai sacrifice in computational efficienicy.
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Figure 46. Diagenal Scan Refractive Effects at Fy
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IX. Conclusions and Recommendations

9.1 Conclusions

A unique analysis and modeling approach was developed to determine radome
depolarization and phase front distortion effects on monopulse recewer tracking
performance. Previously developed ray-trace receive propagation techniques were
modified to include ray refractive effects in analyzing moderate- to large-sized
radar/radome systems. A novel multi-layer tapered radome model was developed to
analyze arbitranly shaped radomes using a tangent ogive reference surface. The
radome model development included a unique "ideal” taper function concept based
on maintaiming constant electrical thickness for arbitrary aperture scan angles.
Reflected E-Field cuntribations were mcorporated nto the analysis using calculated
reflection points, equations developed for an arbitrary reflecting surface were used
to determine specular (primary) reflection point coordinates. Analysis results were

implemented in a Fortran computer model which predicts the "front-to-back”

boresight error (BSE) performance for an integrated "system." Model results were

validated using empincal himiting case data, published experimental data, and
production "system” acceptance test data  Predicted BSE values from the model were
consistently within = 1 mRad of published surface integration resuits for hemispheric
radome data and within % .5 mRad of measured production system acceptance data,

"excellent” results by previously established standards.




9.2 Recommendations

Four areas are recommended for extending the current work into future analysis
and modeling efforts including, 1) using the developed multi-iayer tapered radome
model and calculated reflection results with a surface integration propagation
technique, 2) a polarization sensitivity study to characterize BSE performance under
varying polarization conditions, 3} validatior: of the "ideal" taper function concept with
additional measured data, and 4) using the current analysis and modeling procedure
to predict image lobe level and location. Each of these recommendations are
addressed in the following paragraphs.

Hemispheric data presented mn Figures 22 and 23 indicates a significant
mmprovement in BSE estimation may be realized if current analysis and modeling
procedures are implemented using surface integration propagation techmques.
However, full implementation of such a techmique will increase required processing
time, possibly to an unacceptable level for developmental system analysis. A "hybrid"
propagation technique should be considered to reduce the processing burden. From
Figures 22 and 23 1t 1s evident that the current ray-tracing development accurately
predicts first-order BSE characteristics. Reflected E-Field components generally
contribute to the higher-crder "variations" present on predicted and measured BSE
curves, "variations” which are most accurately predicted by surface integration
techmques. Future studies should consider using a "hybrid" propagatior technique
to combine first-order ray-tracing and higher-order surface integraticn results into a

composite BSE estimate, 1.e., supenimpose surface 1ntegration variations on ray-trace

recewve data. Excellent BSE prediction results are obtained if this procedure 1s
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applied to data in Figures 22 and 23, indicating that a "hybrid” propagation technigue
may provide improved BSE estimates at processing speeds ranging between ray-
tracing and surface integration processing rates. A theoretical basis for "hybrid"
analysis and modeling should be estabiished and validated f appropriate.
Polarization "punty” was maintained throughout analysis and model development
of the current research effort, 1.e., E-Field polarization responses were accurately

accounted for along propagation paths. As a result, current results are well suited

for polanzation sensitivity analysis for varying polarization conditions. Arbitrarily

polarized reference E-Fields, arbitrarily polanzed aperture elements, independent
cofcross-polarized processu.g channels, and accurate radome characterization are
essential elements for accurately characterizing radome depolarization and BSE
performance under varying polarization conditions. Previous polanzation studies
indicated that modulation of the reference E-Field polarization (vary the axial ratio

or tilt angle) generally results in improved/degraded BSE performance depending on

the specific "system” design. Results of such analyses would provide the radar and
electronic  countermeasure  techmical communities valuable insight 1nto
enhanced/degraded "system" performance. A polarization sensitivity study would also
provide information on the level/amount of radome depolarization, as opposed to the
“effects' of depolanzation. The "effects” of radome depolarization on various system
parameters have been extensively analyzed with few research efforts attempting to
charactenize the depolarization itself, 1.e., establish the Jevel/amount of polanzation
"difference” between incident and transmitted E-Flelds. The analysis and modeling

techmque developed under this research effort provides intermediate results for
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predicting/establishing radome depolarizat'on levels. Improved range measurement

techniques are required to provide reliable measured depolarization data. When

avaiiable, a comparative analysts between predicted and measured data should be
accomplished.

The "ideal" taper function concept developed in Section 3.4.2 and implemented
in Section 8.5.3 required additional validation aganst measured B3E data.
Specifically, an empirically “tuned” production radome design should be modified and
built to mnclude an “ideal" taper. Measured data from the twe radome designs should
then be analyzed and compared to determine the validity of the "ideal" taper function
concept. Data presented in Figures 39 thru 41 suggests the "ideal” taper function
approach may reduce the number of developmental "built-and-test” iterations
required to obtain "near” optimum radome performanc., potentially reducing radome
development time and cost.

As depicted n Figure 4, reflected rays generally form an image lobe(s) anytime
a significant amount of energy s reflected from the radome’s inner surface. The
relative level and Jocation of the image lobe(s) provides an indication of "how well"
the radome 1s performing. High image lobe levels indicated poor transmission
qualities and 1mage lobe locaiion provides an estimate of where taper improvement
1s required. Accurate prediction of iage lobe level and location would greatly aid
in radome development efforts. Considering the ability to accurately calculate
specular reflection points (Chapter IV) and far-field radiation patterns, the current
modeling techmique 1s 1deally suited for future image lobe analysis. The current

analysis and modeling techmque should be extended to allow the reference E-Field
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location to vary beyond the aperture field-of-view, allowing far-field radiation patterns
to oe generated within = 180" of the aperture scan directton. Modeled resnlts would
then be compared with measured image lobe data to validate the image lobe analysis

procedure.




Appendix A: Special Case Reflection Points

This appendix is provided to augment matenal prese 1ted in Chapter IV, Radome

Reflection Points. 1t provides the detailed dervation procedures used in calculating

special case critical peints. Eqs (A.1) thru (A 8) are similar to expressions found n
Chapter IV and are repeated here for completeness and clanty reasons. Egs (A1)
and (A.2) represent the scaling process used for generating dimensionless distance
and velocity quantities where R 1s the radome generating radius and v,, 1s the velocity

of propagation in the medium.

Defining =




For the tangent cgive surface under consideration, Eq (A.3) provides the
expression for the surface equations and scaled gradient components at the critical

point. The scaled surface expression of Eq (A.3) and the three equations in

Eq (A.4). in comunction with the change of variable expressions of Eq (A.5),

represent a system of four equations and four unkrowns, the unknowns to be solved

for are o, 8, T, and A.

Scaled  Surface Equation :

gx.y,2) _

1-#
R

where K = ¥

Frem Velocity Conditions -




where (<P <2z

and O0<a<ZX
2

As presented m Chapter 1V, Eqs (A.6) and (A.7) are used for denwving critical
point solutions for Case I where it 1s assumed that both X and ¥ are non-zero. Two
subcases emerged with Eq (A.8) representing the T, solution for Case LA, as derived
m Chapter IV. The second sub-case, Case 1B, 1s further sub-divided intc a series of
cases, all of which cause the T, expression of Eq (A.8) to be invalid, ie., cause

division by zero

For Case I, %,+0 and §,+0

L RER GoRNER (e-wyioE A
X b z

< <

- (‘i - k,)y't = (5 - kr)ic
wd ()= 5,3,

- r'csina(kycosp -ksinf) = i,(sma cosf -k,) - y',(smucosB ~k,)




For Case IA: sina(k,cosp - ksinp) » 0

;. % (sinasinp - k) - 5,(sina cosp - &,) A8

sine (k,cosp - k,sinB)

For Case LB.], 1t is assumed that sin(a) = 0. Egs (A.9) thru (A.13) summarize
the results of mking this assumption. The goal is to estabhish a set of conditions,
which when satisfied, resuit in sin{(e) = 0 and provide an alternate solution to Case
LA. Eqgs (A.10) thru {A.12) form such a set of corditions, which when satisfied,

result 1n the cntical pomt coordinates as given by Eq (A.9).

Case 1.B1: Suppose sina =0

Then G =sinaccosp =0 = a=0 = % =% +0

) (A9)
and b =sinasinp =0 = 5=0 - 5, =5 +0
@0 & b=0 = =1 = 7 =i «%
From Equation A.6: “Condiion #17
N R 2 2 (A.10)
).=k"/x'_*)'=k’x'$j'<0 - é.~.§<(}
i ¥

% Y, .

~




From Egns A3 and A4: "Condiion #2*

ek (A1)
. ek, 1-k, - . [T% . .
et o i o 0<f = | —2-F <]
3 ).2+(E-kz)2 2 (: r) ¢ V ) r ¢(max)
From Eqn A3 with %,=% and§_=y,: “Condtion #3*
(A12)
—s =y 1-k =\2
2=1-(/F 5 -K] - - k= 2(fF 5 -K) -1
For i=22¢ g a1 ¥ ang e Rz-(R—H)
- v, v.( W
t e § S | — ] = e A —
e - g plv,] R O2R (A13)
LY 1
o s
- 0<t <t = —L-La—l “For All Cases”
—— -
oF

To verdly the condition expressed 11 Eq (A.11), it 1s first necessary to establish a
maximium scaled cntical ume. This maximum time 1s based on the longest distance
berween any given antenna element and the tip of the radome. Assuming a
max:mum zutenna scan angie of z/2 Rads. a worst case cond:tion used only for

calcwation purposes, the maximum distance between an element and the radome tip
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will be given by I, = L + W/2. Using this relationship, Eq (A.13) shows the
development process and final expression for the maximum scaled critical time.
For Case LB.2 1t 15 assumed that k,cosg = ksing, thereby causing the numerator
of Eq (A.8) to go to zero. From Eq (A.4) it can be shown that for A to be non-zero,
k, cannct equal one. Since % is a unit vector, tis impiies that k, and k, may not
simultaneously equal zero and is therefore an invalid solution to the assumed
condition. Further, it can be shown from Eq {A.4) that neither the condition that
. = cosp = 0 nor the condition that k, = sing = 0 are possible solutions since both
would result in A equalling zero. Thercfore, a solution exists only if ail four terms of
the assumed equation are non-zero. This being the case, 8 may be explicitly solved
for as shown in Eq (A.14) and three special cases are considered as a result of the

arctangent function.

For Cuse 1B2: k’cesB = k_sinp

V(AL

k,»0 , k,#0 , cosp+0 , smp»0 =~ P =tan"[k—’J
X

e

For Case 1B2i: k, =ky

R -3=n .
- ==—or — = d=0>
b 4 4 (A.15)
a-k, b-k .
i‘: y.Y - % =3 = %=7
[4 <




For Case L.B.2.1, k, and &, are assumed to be equal and Eq (A.6) 1s used to show
that X, must equal ¥, as shown in Eq (A.15). For Case LB.2.ii, k, is assumed to be
equal to -k, and Eq (A.6) is agamn used to show that this assumption results in X,
being equal to -y, as indicated in Eq (A.16). For both of these cases, 2 is solved for
and equated to the right hand expression of Eq (A.6). The expression formed, which
when combined with the surface constraint expression of Eq (A.3), forms the system
of two equations and two unknowns {7, and a) shown in Eq (A.17). As for Case LA,

the system generated 1s composed of transcendental non-linear expressions requiring

numerical solution techniques

x x y
- B:—Eorﬂ
R (A.16)
-_f._:_‘f:"-ky -~ f=-3 - %=-7

Case IB2: and Case IB2 i1 Equanons:

(cesa -k:}z

s~ =\2
{cosaf +z) =




The final sub-case, Case 1.B.2iii, 1s for arbitrary values of k, and &, such that

k. # +/-k,and g1s as given in Eq (A.14). For this value of g, the left-hand side of
the final expression 1r Eq (A.7) identically equals zero. As such, the night-hand side
equals zero and may bte used to explicitly solve for a as given in Eq (A.18). With a
and g both calculated, only T, remains unknown and may be determined using
Eqs (A.2) and (A.3). Provided a T, value satisfying Eq (A.3) exists and satisfies the
inequality specified in Eq (A.13), a cntical point exssts ard its coordinates may be

calculated via Eqs (A.2) and (A.5).

For Case 1B2.ii: k +k , % +C and 5,0
(A18)

k -y k .
o =sin"! _—J"——’—#—f—-} for O<acx< cos"(kz)
x,sinf - ¥ cosp |

For Case II: %X =0 and 5.+0

For the second major case, Case 11, it 1s assumed that X, =0 and ¥, # 0.
For X, = 0 the partial denvative of the refiecting surface g{(x.y.z) with respect to x

dentically equals zero. As 4 restlt, only equality of the last two expressions of
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Eq (A.6) remains valid and the velocity expression relating @ and k, 15 used to
establish the relationship shown in Eq (A.19). Two sub-cases are considered as a

result of this relationship, Case II A for &, equal zero and Case 11.B for &, not equal

E zero.

For Case IIA.1: k_ =0 andsina =0

k,=0 = £ =0 "Condition#1”

r . _ e A20
. bz=0 = j.=9, ( )
; sing =0 =
e =kn , k=0,21,42, ..
i » Escosa =21 but &>k >0 = &=1
From the Velocity Equations
b-k =lg" -k =}.ji-=lsxgn(y')
y ?l. y ‘/-3 r .
ffe ¥e {A21)

k,<0 and j,>0
A< - or *Condiion #2"
k,>0 and §,<0

For T = sinacosg = k, = 0, Case IL.A s further subdivided into two special
cases. Case ILA 1 provides soiu«ons based on the assumption that either sina = ¢

or sina = cosp = U and Case Il AZ provides solutions based on cosg = 0 only.

Eqs {A.20) thru (A.22) summarize the resuks for Case {LA.1. The three conditions




For A = sign()'r,)k’

%
-3 w'l_z

(A.22)
Into the Scaled Surface Equation

are derived by considering both the velocity equations and surface constraints as
shown. Given all three conditions are satisfied, a crnitical point exists with
coordinates X, = 0, ¥, = ¥,, and Z_ as given by Eq (A.22).

For Case II.A.2 results are not as easily obtained as outlined in Egs (A.23)
thru (A.25). As with the previcus case, the condition that X, = 0 must again be
satisfied. Under the assumption that cosg = 0 and given the range of g values
specified in Eq (A.5), only two g values are possible, #/2 and 3x/2, as indicated m
Eq (A.23). Solving for A from the velocity equations allows for T, to be explicitly

solved for as a function of « as indicated 1n Eq (A.24).

For Case I1A2: k =0 and cosp =0

k,=0 = £ =0 *Condiion#1"

(A23)
cosP =0 = snf =(z)i ~ B==z

wia

e - b= sinasmf = (¢)sina




Introducing the function f(a), the T, expression s substituted into the scaled

surface equation resulting in the final expression shown in Eq (A25), a single

expression of one variable . Provided an ¢ exists which satisfies this expression, T,

can be calculated from Eq (A.24) and the critical point coordinates determined

via Eq (A-2).
K From Velocity Eguanions
| :
b-k, = lg';;iA ~ A= stgn(i,)lky:sina]
lt
{ k- 2 (A.24)
G-k, =Ag| -2 = ( L cosa) =(cosat- ~~z')2
z 4 < 2 3 r
f [lcy(:t)sina]2 +(kz—cosa)
‘: T
Sl - k, -co -
» :\\ . - 0<i = 1 ( z C&.Sa) _z_’l <L
- o | romer - (-coa] |
From Scaled Surface Equanon:
(k, - cosa)
Letting . f(e) = L
J(ky 7 sim:)2 + (kz - cosoc)2
(A.25}

hen i, = —[f@-7] and £ =7¥a)
cosa

- 17w - |(2)2naff(a) - ARSAR K=0

For O<ac< cos“(kx)




For Case ILB k, is assumed to be non-zero. As a result. the final expression of
Eq (A.19) 15 used to expliciily solve for T, leading to test Condition #1 shown m
Eq (A.26). Also, @ = k, implies that 8 can be explicitly solved for and the range of

possible a values restricted as shown 1n Eq (A 27)

For Case IIB: %, =0, 5,+0 and k =0

<

ki +£=0 ~ i =2
+ = - =
e v T (A26)

x

.. -
where 0<tt<t:(max‘ - k'>0 “Condition #1”

x

Smmce d=k =smacosP +0

x-

/

F k
then B:ws-lf k, ] LS (A27)
ksma sina
for O<a<cos{k,) = sin!(|k,[)<a<cos(k,)
From Scaled Surface Egquation:
{A.28)

-f' .
—cosa + %,

(]

The der:ved expressions for § and T_ are neat suhsututed into the scaled surface

x x

l -X . -l[ kx ]
- j=-sinesm{cos™!| = Y,
|k sina !

equation resulting in an expression involving only ¢ as snown in Eq (A.28). Provided




an a value exists which satisfies this expression, two additional conditions must be

satisfied befors declaring the existence of a valid critical point. After calculating the

critical point coordinates using the previously derived values of , 8, and T, a check
must be made to ensure the velocity equations are satisfied. In doing so, A is first
calculated and checked to ensure it 1s negative. The right hand equality of Eq (A.6)
is then used to ensure the velocity equations are satisfied for the calculated A value.
These checks, identified as Conditions #2 and #3 1n Eq (A.29), if satisfied ensure the

critical pont coordinates calculated are vahd.

Provided « , B and i, exist:
A = sign(y,)(k, - sinasinB) <0 “Condition #2"

then ([; - ky)sign()',‘) - (5 = kx).\/ 1-3 (A.29)

Z

{cosa - k )2
= { z “Condition #3”

Ve 1 (ky - sina sin[l)2 + (cosa - kl)

For the last major ease to be considered, Case III, it 1s assumed that X, # 0

and ¥, = 0 and the denvation procedure parailels the process previously uscd for

Case I Since y, = 0, the pa.tial derivatives of g(x,y,z) witl, 1espect to y vamshes.

As such, only equality of the first and last expressions of Eq (A.6) 1s valid and the
velocity expression involving B and k&, 1s used to establish the relatun-hip showu m

Eq (A30).



Two subcases are considered as a result of this relationship, Case lILA for &,
equal to zero and Case IIL.B for k, not equal to zero. For b = sinasing = k, = 0,
Case IIL.A 15 further subdivided mnto two special cases. Case IILA.1 provides
solutions based cn sine = 0 or both sina = 0 and cosg = 0, and Case 1ILA.2
provides solutions based on cosg = 0 only. Eqgs (A.31) thru (A.33) summarize the
results for Case IILA.1. The three conditions shown are derived by considering both
the velocity equations and surface constraint equation as shown. Given all three

conditions are satisfied, a critical point exists at X, = X, ¥. = 0, and Z_ as given by

Eq (A.33).
For Case Ill: %,+0 and §,=0

I ) _y_c

¥, = = g = =0

¢ "1, By (A30)

’ b-ky:lg'y.=0 - 5=k, - y‘=k"‘¢"=o

. i
A For Case MAl: k =0 and sina =0

k,=0 =~ 3 =0 "Condion #1”

=0 - % =% (A31)
sine =0 -
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From The Veiocity Equanons:
Z
k, = =% - Asign{%,)

2
4 }.‘C

k,<0 and %,>0

A<O - " Condition #2*

or
k>0 and 5,<0

For A =sign(i,)kx

For Case III A ¢, a detailed development procedure which parallels the process
used for Case II A2 1s required to obtain cntical poimt solutions. Eqgs (A.34)
thru (A.36) summarize results of the development process. As with the previous
case, the condition that ¥, = 0 must agais be satisfied. Under the assamption that
sing = 0 and given the range of 8 values specified in Eq (A.5), only two 8 values are
possible, 0 and «, as indicated n Eq (A 34). Soiving for A from the velocity
equations allows for T, to be exphuitly solved for as a function of « as indicated 1n

Eq (A.55). Introducing the function f(a), the T, expression is substituted mto the




scaled surface cquation resulting i the final expression shown i Eq (A.36), a single
expression of one vanable a. Provided an a exists sausfying this expression, T, can
be calculated from Eq (A.35) and the cnitical pomnt coordinates determined via

Eq (A2).

For Case IHTA2: k,=0 and sin8 =0
k=0 =~ 39 =0 “Condition #1"
sinf =0 =~ cosf=()l =~ B=0cr =

- 4~ sinacosP = (¢)sina

From Velocuy Equanons:
= sign{it)[k, ¥ sina]

{k, -cose )2

[icx(z)sinu]'z + (kz -cosa )2

For Case I1LBA, 1s assumed to be non-zero. As a reso'., the final expression of
Eq (A.30) 1s used to exphatly sobe for T,, Icading to test Condition #1 shown :n
Eq {A37) Also, © = A, imglies that 8 can be explicitly solved for and the range of

possible a values restrictzd as shown 1 Eq (A.38).




From Scaled Surface Equation:

(kz -cosa)

letting. fla) =

2 z
x t
v(k xsma) +(k cnsa)

i ) (A36)
AP then f = 1 [f(a)-z',] and 2 = fc)
Lo cosa
. - V1-f4a) -[(Dune|fiw)-7 ]+ 5|+ K =0
For O0<a< cos"(kz)
For Case IIB: % +0 , 5, =0 and k,*O
s P 520 = £ 0
. Kot 320 = dem g (A37)
N where O <f <i . = -k—j' >0 “Conditton #1”
Sitice: 9 = k_ = sinasing +0
k1 |k
then B =sm“[-_’—' - |zl (A.38)
ina | sine 1

Jor 0<e<cosi(k) = sin)[k,|)<a<cos7k,)

The denved expressions for g and T, are neat substituted into the scaled serface
equation resulting 1n an expression involving only a 4s stown i £ (A 36% Provided

an ¢ value exists which satsfies this expression, two additiondl conditions must be
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satisfied before declaring the existence of a valid critical point. Aftes caliaiating the
critical paint coordinates using the previously derived values of @, 8, and T, a «heck
must be made to ensure the velocity equations are satisfied. In doing so, A 1s first
calculated and checked to ensure 1t is negatwve. The left-hand and right-hand
expressions of Eq (A.6) are equated and used to ensure the velesity equations are
satsfied for the calculated A value. These checks, idenufied as Conditions #2
and #3 in Eq {A.4), if sausfied ensure the critical point coordinates calculated are

vahd.

From Scaled Surface Equation:

- —-—y-fcosaﬂ‘z'
LY k r

y

Provided « , B and i, exist:
A= sign(:?,)(kJl - sina cosB) <0 “Cordinon #2"

(e-kW1-2

<,

then (& - k,)szgn(f,) =

(3

2 (cosa -k )
- = — ~ “Condinon #3"
{k, - smacosp) + (cosa - kz)'




Appendix B: Aperture Mechanical Scanning

Mechanical scanning of a planar phased-array 1s considered in this appendix.
Mechanicai scanning 1s employed as a "sumple” method for varying the main beam
pointing direction while maintaining a relatively symmetrical radiation pattern;

i ) typically not the case for electronic beam steering via phase tapering across the

elements. As such, mechanical steering may potentially reducefisolate some
. monopulse boresight errors being considered during analysis. Given the desire to
scan the antenna main beam to an arbstrary location, the task at hand is to determine
the scanned location of all elements within the array relative to the spherical
cogrdinate ongin, the pont about which the antenna array pivots The goal s to
derive simpified mathematical expressions for the rotawed/scanned element

coordinates in spherical form, negaung the need to perform a more computationally

intense rectanguiar coordinate rotation followed by a rectangulai-to-spherical

conversion, a process which would be required for each antenna element at each

desired scan angle.

L x, = x (o, cos0, + sy - y cosd,sind, (1 - cosy)
¥, = =x cosdysing, (1 - cosBy) + y (sin* P, cos @, ~ cos?dy) (B.1)
z, = -x cos,sinf;, ~ y sind,sinb,

Previous mechanical scanning derivations typically generated and utilized

rectangular coordinate rutalion cquations to arnve at expressions for the rotated
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clement locations. The rotated rectangular coordinates given by Eq (B.1) are ar
example of the type of expressions usually derived, where 8, is the antenna scan
angle from the z-axis in the ¢, direction as measured from the positive x-axis {12}

Froin Eq (B.1) 1t 1s readily apparent that use of these equations io determine the
rotated element locations in spherical coordinates is computationally intense,
requinng four trigonometric function calculations, twe squaring operations, :n excess
of fifteen muluplications. additions, and/or subtractions, as welil as, invocation of a
rectangular-to-spherical converston routine. The computational intensity 1s further
compounded when considering two additional factors. First, the calculations may be
required for antenna arrays which typically are composed of 100 or more anteana
elements. Second, scanmng the antenna array in one plape may nsclf require
calculations to be carried out for a jarge number of discretc antenna scan angles.
possibly requining 100 or more to obtain accurate, reliable, and consistent output
data. As such, minimizing the computational burden while increasing efficiency is the

k.v motivating force beiund the {ollowing discussion.
. 8

Detaled information ;s provided on the dervation process used in developing the

final cquations {or determunisg the roiated antenna element Jocations in spherical
coordinzies.  In Jeveloping the equatcns, the aperture 1s iubially assumed to be
located in the x-y piane. The aperture 1o ratated scanned about the onigin to an angle
8, from the z-axis 1 a direction speafied by ¢, from the positive x-axis (this
convenion i Jonsistent with the conventon used 1 establishing the eapressions
o Eq (B.1). For any given amenna element, intally located at the point (5.7, 2.¢.)

0 aprencal courdinates, o Ginal clement Jocation s required and will be specified by
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the coordinates (r,.8,,¢,) after rutauon/scanming. For the specified coordinate system,
the following variable ranges are definec. r, > 0,0<8, <72, 058,86, <=, and

o = Ty

T < @, ¢, P S 7. The restruuion on the maximurn sean angie of 8, = 7/2 results

from considening only svan angles such that rays emaneting norma! to :he aperture

surface intersect the rademe surface under consideration.

Figure B 1 Case ( Scanning Geometny, ¢, < 2, < @,+7

The developmient process proceeds by considenng two speaai cases whick ars
dis inguishable by the vajue of o, relative to @, for a gnep Lntenna eement Cave |
apphas to all antenna elements where ¢, < @, < ¢, + 7 and Tase 1l apples 10 all
elements where o, - 7 < ¢, < ¢,. The geomesry esabhished for considenng cach
case 1s as illustrated in Figures B.! and B 3 for Case | and Case [1, respectively. Fou

both of these figures, the following defimtions are made.
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p = axs perpendicular to the z-axis locaied ¢, from the x-axis

q = axis perpendicular to the z-axis and p-axis about which rotation
by 8 occurs

p’ = axis parallel to g along which the tip of T, follows as 8, varies
T, = vecior "projection’ of T 1 the x-y plane for a specified 6, value

D = distance from the ongin tc p’ as measured along the g-axis
(Note that D = r,,,, which cceurs for 8, = n/2)

E = distance from the g-uxis to the tip of T as measured along the
pr-axis

E* = distance from the g-axis to the 1ip of T, as measureq aicag the
pr-axis

¢ = angle measired from g-axis to T,

¥ = angle measured from g-axis te T
The distance E* 15 eotabhished by observing that vanaton m 6, frem G to #/2
vauses T to rotate about the ¢-axis 1n a clockwise direction as viewed in the +g
direction. In domg so, the tip of T traces out s quarter-cucle 1 the z-p* plane as
shown m Figure B.2. The quarter-circle generated wili lie esther in the "ower-haif™

of the z-p* plane, the case shown in Figure B2 tor o, - 7/2 < ¢, < $, + 7/2. o710

ithie “upper-half” of the z-p’ plane which occurs when o, -7 < ¢. < @, - 72 Of

@ + 7 <o, < ¢, + w2 Ineuher case, the up of "projection” T, hies on the p* -axis

at a distance of E' = Ecos(B,) freun the g-anie  The “wpper-half Niower-half’
relationship of the guarter-circle will be taken into consideranon later when
deveioping uit expression for 8, With all geometni relationships estabhshed and the

quantities r,, @,. 3,

o

. and & gven, the denvation provess for computing ¢, for Case |

proceeds as foflows,




E cos(6,)

e e

Figure B.2 Geometny For Estublishing Ecc<(8,) Quantty

For Case & Eqgs (B.2} thru (B.4) were deveioped by considering the geometry

estanbsheo .n Figure 2.1, Writh the auantties v, 2. and E determsned an expression

for « 15 cacalated by comsidening ihe geometry pieseated mn Figure B2 The g

sxpression, gven by Eq (B.73, 15 ustc m congunctivn with

m rigure B . o ahtam the totate scanaed o, expressio




E = IF,| sin(y) = -|F,| cos(¢,-$) (B.4)

Bt [ ESO0 | [ o050 cos®) | (g5
D D sin(¢,-9,)

¢’=¢a$-§*a=¢o+-§¢m'l!w}

2 [ sin($,-d) (B.6)

For ¢,<¢,<d,~=

The process used in derving the ¢, expression for Case I 15 next appued for
Case 1I, ¢, - # < @, < @, with geometrical relationships as established in Figure B3
Eqs (B.7) thru (B.10) summarize the results of applying the procedure over this
region with the final ¢, expression ginen by Ea (B.11, T=ze observation 1s made that
Eqs (B.6) and \B 1. «ry unl 1r the + - sign precediny the 7/2 guantity, and the
Mt sy of CtheT Te NUMErator - ISNOTLNAtor of tne arciangent argument
Applying vhe |, ta ren propern aiver n =z (B 121w Eg B ... it can »e shown
™ EguBbja o <o ocwugl aseticar exoressions | nerefire -egardless of

the refattonsh D be~we 4 w0 5 Ser 2GULDIOT (G0 De ased 10 calculate tie nal

@ fU e antenna coreT ande L Tsiee it

Y

B,

'3
L




D = |F,| sin(y) = -|F,] cos(d,-,) (BS8)

E = |7, sin(y) = |F,| cos(,~¢) (BS)

af E) . I’Ecos(eo)\} - cas(d,-¢,) cos(9,) } (B.10)
\D, (\ D -sin(d,-4,) 1

Figare B3 Case . Scarmny
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¢¢;¢-M[M}

-sin($,-¢,) (B.11)
For ¢,-n<¢,<9,
fan! (LA) -t _'é) - (B.12)
-B L +B
7| = D? + E2cos’(8,)
= \/ || sin®($, - + IF,| cos?(d,~,) cos’(8,) (B.13)

=]y 1-cns’(d,-0,)sin’ @)

The next task is to calculate 8, the rotated/scanned 8 value of the antenna
element being considered. The first step in determinming 6, is to calculate the
magmitude of T,. Refernng to Figure B2, the magmtude of T, 1s obtamed by
appiving Pythagursan’s Theorem to the triangle shown, resulting in the final
expression as given by £q (B.13). This magnitude expression s valid for each of the
twe cases previously considered, regardless of the relationship between ¢, and ¢..

Using this mugmtude expressicn, the plane contaiming T, and T 1s considered to
calculate A6, the change 1n the anterna element’s 8 component resulting from
rotation by 8, about the (-ixis. Considening this plane. the expression for A@, 1s

obtained as given by Eg (B.14) This equation 1s based on the fact that the
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Figure B.4 Regions For Desermin.: ¢ Aduiuen/Sustraction (. ac

As mentioned previously, the raraton of 7 arout the g-ax: a5 8,1 ane rom

G to 7/2 produces a quarter-circle wheoh hes ethe- . ne "upper naif' or lowe walf”

of the z-p* plane. This "upper-half'lowcralf re.a 107 .mp determines wnesne =
value of A3, given by Eq (R 14) 15 to be ».fbrractec 'rem o7 qguee. e it 4,

value. Since all antenna elements are in the »-« 201" LoIoF duot, thelr i i

6, component 1s equal to #/2. Theretore, an zicmants rolated awue is simph
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A0.. I ¢ guustion is, "When should A8, be added or subtracted?”. To answer

A auestion won. e the diagram shown in Figure B.4. Three separate cases exist
e Jeter. ed -~ the an enna element’s intial ¢, value relative to ¢,

~Jl .ienha ewments located in Region A, including the positive p-axis, the tip

£ ¥ traus _at a quarter-circle lying in the "lower-half" of the z-p’ plane; for this

egion 8, = - _ ~ 48. For antennz elements located in Region B, including the

scgative p-axis, a2 up W T traces out a quarter-circle lying in the "upper-half” of the

.-p’ .ane, i.- histegon O, = #/2 - AB,. Lastly, points located on th= g-axis do not

experence an Jha-ge n O value, 1n this case 8, = 6, = x/2. Considering these

-e. - ~nal =xpressson for 6, 15 obtained and may be summarized as given by

6= 2 oos (1= oo 00w By |
(B.15)
(+) for 0<]d,-0,!s

where -m<¢, -, sm

T
2
b3

(-)fvr§5|¢,-¢.,ls
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Appendix C: Aperure Electronic Scanning

Electromic scanning of a planar phased array s considered in this appendix. A
phased array aperture 1s an anterina whose main beam maximum direction or pattern
shape 1s primanily controlled by the relative phase of the element excitation currents
on the array (13]. Assuming the elements and array feed network form a passive
recipreeal structure, the phased array will exhitit identical far-field patterns both
transmission and recepuions modes {14]. The following development is based on a

receive formulation, consistent with raunc pulse receiver tracking requirements.

z N
F N fxyz) =0

0.0,2,) ;

g
.
P
-
E]

(Xn ’YI\ 'zm)

X

Figure C.1 Aperture Electrical Scanning Geometry

In deve Hping expressions for the phase weight ¢,(m) ot an arbitrary array
element located at (x,,y,,z,.), far-field conditions are assumed  As such, the E-Field

madent on the array 1s considered to be a Uniform Plane Wave (UPW)  As

180




estabhshed in Figure C.1, the UPW surface 1s given by f(x,y,z) = 0 with the plane
wave itself being specified by ﬁ,. Additional vector quantities identified in Figure C.1
are defined as follows:

» = Inc:dent E-Field at gimbal point (0,0,z,)

E,, = Incident E-Field at m™ element location (X,,YeZa)

D = Vector from gimbal point to reference plane

13, = Vector from element location to reference plane
T, = Vector from coordinate origin to gimbal point

T, = Vector from coordinate crigin to m® array element

Letting 8, and ¢, represent the spherical coordinate angles which define the
desired aperture scan direction, unit direction veéctor % 1s formed as indicated 1n
Eq (C.1). Since P represents the direction from which the aperture response is
desired to be a maximum, a UPW mnaident fiom this direction is considered. This
condition dictates that Vi(x,y,2) = k forall (%,¥p2;) on the reference surface. The

resulting expression for the reference surface 13 as given by Eq (C.2).
Given 0, and ¢,

<y
E=k%+ k3 + k2 = sin6 cosd, £ + sinbsind, ¥ + cosh, £

Fr Vfay2) =k ©2)

[y, kx+ ky,v +kz+C

The unknown C n Eq (C.2) 1s selved for by noting that the vector sum of T,
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and D must Lie an the reference surface. This constraint allows for the value of C
to be solved for as specified in Eq (C.3), which when substituted into Eq (C.2) results
in the final expression for f(x,y,z) as given Ly Eq (C.4). This equation completely
describes the reference surface for given scan angles and specified gimbal point

location.

Given F‘ +D satisfies  f(x,¥,2) =0

fIDk,, Dk, 2, Dk)] = DK + K +k}) + 2.k, + C = 0 (€3

~ C=-(D+z,k)

feyd=kx+ky+kilz-2)-D=0

Given 7, + 5"‘ satisfies  f(x,y,2) =0
f[('xn + Dmkx) 4 (ym + Dmk)') ’ (Z"‘ * D“kz)] =0 (CS)
- (xmkx ‘y'nky + kaz) * Dm (k: +k§ v k:) - (D * ztkl) = 0

=~ (D, -D)=-(xk +y.k +(z,-2)k)

-

For a pattern maxmum to occur at given scan direcion k, responses from all
elements within the array must coherently sum. Since a far-fielu assumption is made,
2ll rays emanating from the UPW reference surface which are incident on the

aperture elements are approximately parallel. Therefore, an arbitrary array element
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may be chosen for developing the final expression for ¢,(m). Given arbitrary
element location (x,,y,.2,) 2s indicated in Figure C.1, the vector sum of T, and ]3,,
is constramed to lie on the reference surface and must satsfy Eq (C.4). Enforcing
this constraint results in the final expression relating D and D as given by Eq (C.5).

The difference between D, and © curresponds to phase delay vanances experience

along the two propagation paths.

Gen E =E %

= - - D-& -~
E-E élé,e/uo)e 1K Ee UK, D - &~ 4 f0)}

E—:m = EI L,'t,evt.(m'}e-lx.o. = E!e-!if.l’.,'év'k(m))

For Coherent Summanon
K,D-o,~600 =K,D, -9 -6 (m)

= $,m =K (D, - D)+ b0 =KD, -D)

Giver the incident E-Field é,, expressions for the E-Fields incident at the gimbal
point and <lement location may be expressed as given n Eq {C.6). Free-space
propagation constant K, 15 introduced to convert distance variations into appropriate
radian phase veriations. For coherent summation to occur, the final phase terms of
the two incident E-Fields in Eq (C.6) must be equivalent. Ea (C.7) shows the result
of equating the two phase terms. In simphfving the final expression, the phase

reference for all aperture elements was arbiirarty chosen to be the aperture center




at (0,0,z,), elimmnating ¢,(0) from the final expression. Results of Eq (C.5) and
defiritions established n Eq (C.1) are substituted mto Eq (C.7) to arnive at the final
phase weight expression given by Eq (C.8). Given arbitrary element locations and
a desired scan direction, this expression 1s used to determine phase weights for all

elements within the phased array aperture.

d)w(m) -K {xnkx * ymky * (Zm - Zg) kz}

-2 {sin()s(x,,l cosd, + ynsincb‘) + cos(),(:,,, -z,
[
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